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Abstract 
Single-molecule fluorescence (SMF) microscopy is a powerful technique that provides 
high sensitivity and nanometer-scale resolution for biological imaging. The emission 
profile of an isolated fluorescent molecule allows the emitter position to be determined 
on a scale far smaller than the standard diffraction limit of light with a precision that 
improves with the number of detected photons. While in vitro implementations of SMF 
have achieved 1.5-nm localization precisions, an outstanding problem in the field is to 
improve the resolution of SMF imaging in live cells; this has been generally limited to 10 
– 40 nm. This limitation reduces the amount of information we can learn about 
subcellular molecular motions through direct, biophysical methods. The main problem is 
technological: fluorescent proteins (FPs), the genetically encodable labels widely used for 
biological imaging, are dimmer and shorter lived than the organic dyes employed in vitro. 
Increasing FP brightness and photostability will significantly improve the precision with 
which these fluorescent probes are localized in vivo down to a few nanometers, as well as 
increase average trajectory length for single-particle tracking, and these advances will 
enable studies of intracellular processes on the molecular scale. 
In this Thesis, we use SMF microscopy to characterize fluorescence and attain super-
resolution images, and we demonstrate that nanoparticle plasmonics can improve both the 
brightness and photostability of FPs. The localized surface plasmon mode, or collective 
oscillation of free electrons, produces a highly enhanced field in the near field of a metal 
nanostructure. Here, by positioning FPs in the near field of gold nanorods via adsorption 
  
 xvii 
or immobilization, we use this coupling to more than double the emission rate of the red 
FP mCherry, and determine that coupled molecules of the photo-activatable FP 
PAmCherry emit three times more photons prior to photobleaching. This is the first 
reported demonstration of plasmon-enhanced fluorescence brightness and stability in 
intrinsically fluorescent proteins. We then extend our methods to in vivo experiments, in 
which gold nanotriangle arrays serve as extracellular imaging substrates to enhance the 
emission from membrane-bound proteins in live bacterial cells. We detect a plasmon-
enhanced emission rate from FP-labeled proteins in the membrane of single cells of 
Vibrio cholerae, agent of the human cholera disease, and show that these nontoxic 
plasmonic substrates have promise for directly increasing the power of live-cell SMF. 
Finally, we demonstrate selective excitation of the longitudinal mode of gold nanorods 
using polarization, and consequently tune the amount of plasmon-enhanced emission 
observed. This achievement increases our control over enhanced fluorescent emission. 
The work in this Thesis demonstrates the power of plasmon-enhanced single-molecule 
fluorescence to strongly impact the bio-imaging field, with implications for human health 
and disease. Ultimately, increased brightness and photostability will allow faster imaging 
speeds, improved localization precisions, and increased trajectory lengths for in vivo 
imaging. Furthermore, the preferential excitation of certain plasmon modes will enable 
nanoscale selectivity in living systems. By exploring plasmon-enhanced FP emission, 
applying this understanding to in vivo systems, and demonstrating increased selectivity 
for addressing nanostructures on the nanometer scale, we have developed a new 
paradigm for improving super-resolution microscopy in living cells. 
 1 
 
Chapter 1 Introduction 
1.1 Pushing the Scale of Discovery 
Our eyes are very sensitive detectors for observing macroscopic systems, but for the 
microscopic, and even the nanoscopic, we turn to the tools of the trade to peer into a 
fantastic molecular world. Microscopes have been used for centuries, and in the 1600s, 
Anton von Leeuwenhoek was the first to use a single-lens microscope to view large 
bacterium,
1
 making visible the previously unseen, and opening up a new scale of 
discovery. Today, the inverted fluorescence microscope is the preferred tool for 
observing microscopic biological systems as it allows the observer to view the bottom of 
a sample, like cells in a petri dish, in a relatively stable and non-invasive manner. New 
microscopy techniques have recently pushed the scale of discovery from micrometers 
(10
-6
 meters) to the nanometers (10
-9
 meters),
2,3
 but ultimately the scientific process 
strives to push the limits of possibility and improve the current state of the art.  
This Thesis describes the development of plasmon-enhanced fluorescence for 
applications in single-molecule nanoscopy in order to optically image live bacteria cells 
with spatial resolution significantly better than half the wavelength of imaging light. With 
this technique, we have extended the imaging capabilities of single-molecule 
fluorescence techniques by increasing emission from fluorescent proteins, as well as 
improving sensitivity for single fluorescent proteins detection in live bacteria cells. 
Furthermore, we have used polarization techniques to better understand the coupling of 
 2 
 
single fluorescent molecules and plasmonic nanoparticles, with the goal of expanding the 
utility of plasmonic substrates for application in live-cell biological imaging.  
1.2 Fluorescence microscopy 
Fluorescence microscopy is a preferred method of observation for biologists because it 
uses visible light to non-invasively image cellular systems with minimal perturbation to 
the sample, and because the fluorescence microscope allows the observer to watch 
dynamics inside living systems on biologically relevant timescales (Figure 1-1). A 
problem arises, however, when the goal is to image subcellular structures, like proteins 
inside cells. The resolution of a fluorescence microscope is fundamentally limited by the 
diffraction of light, therefore, causing even an isolated, infinitesimally small emitter to 
appear as a finite-sized spot.
4
 The three-dimensional intensity distribution of this spot is 
called the point spread function (PSF) of the microscope. If two point source emitters are 
closer than the PSF full width at half-maximum (FWHM), these emission patterns, which 
are a two-dimensional projection of the three-dimensional PSF, cannot be individually 
resolved by the microscope.
5
 The FWHM of the PSF in the lateral (x-y) direction is 
approximately    
     
  
, where   is the wavelength of light and NA is the numerical 
aperture of the objective, which is a measure of the microscope collection power and is 
defined as NA       .2 In this equation,   is the refractive index of the medium and   
is the half-cone angle of light focused by the objective. The axial (z) width of the PSF is 
2-3 times as large as the lateral width for most high-NA objectives. For a typical 
fluorescence microscope equipped with a high-NA oil-immersion objective (NA = 1.4), 
like the objectives used in this thesis, imaging with visible light (λ ~ 500 nm) would 
result in a PSF with a lateral size of ~200 nm and an axial size of ~500 nm.
2
 The scale of  
 3 
 
 
Figure 1-1. Schematic of epi-fluorescence inverted microscope showing excitation and emission pathways, 
as well as sample placement.
 4 
 
a visible light PSF can therefore be used to image larger biological structures, like whole 
bacteria cells or red blood cells, but most subcellular components, like proteins or DNA,  
cannot be resolved.
6
 Other microscopy techniques, such as electron microscopy, routinely 
achieve nanometer-scale resolution and provide the structural details blurred in light 
microscopy by diffraction, but their high-energy excitation source (an electron beam) can 
be destructive, and their vacuum chamber operation requires that biological specimens be 
frozen or fixed. Ultimately, this sample preparation freezes all dynamics and thus limits 
the amount of useful biological information gained. Additionally, labeling schemes for 
electron microscopy are often limited and identifying specific proteins is often difficult.
7
 
Figure 1-2 shows a comparison of the size scales of various cellular structures and 
microscopy technique corresponding to those ranges.
6
  
 
 
 
Figure 1-2. Comparison of size scales for various cellular structures and microscopy techniques.
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1.3 Single-molecule fluorescence and super-resolution microscopy 
Fluorescence microscopy remains an important tool for studying living biological 
systems, as it is non-invasive, minimally perturbative, compatible with live cells, 
relatively inexpensive, and takes advantage of a wide-range of available labels. For these 
reasons, over the last three decades, much work has been dedicated to improving the 
resolution of this imaging method.
2,3,7-9
 Single-molecule fluorescence (SMF) microscopy 
is one technique that can improve the achievable resolution of a standard fluorescence 
microscope. With this technique, individual fluorescent molecules are imaged one by one 
and used as reporters of their unique molecular environment, with no need for ensemble 
averaging. When applied to biology, SMF provides nanometer-scale resolution that can 
reveal the secret internal workings of a living cell in its natural environment. This super-
resolution technique breaks the standard diffraction limit by fitting the detected PSF of 
each isolated fluorophore to identify the fluorophore position with a localization 
precision that can be far better than the standard diffraction limit of light.
10
 Generally, a 
molecule of interest is labeled with a fluorescent tag that serves as an isolated point 
source. The emission profile of this essentially infinitesimal tag approximates the 
microscope PSF and can be fit with a model function, most often a two-dimensional 
Gaussian function; the PSF center position indicates the precise location of the isolated 
emitter (Figure 1-3). The emitter fluorescence is then collected using an electron 
multiplying charge-coupled device (EMCCD).  
The emitter localization precision (Δx) is determined by several factors, including the size 
of the detector pixels (a), the background noise per pixel (b), the standard deviation of the 
 6 
 
model PSF (s), and the number of photons detected (N), as described by Thompson et 
al.
4
: 
    
√ 
  
  
  
 
 
      
    
 
In the limit of low background noise, the localization precision of for a given pixel size 
and PSF is:  
    
 
√ 
 
Therefore, only the number of detected photons limits the precision of this technique, and 
in vitro implementations of SMF by Yildiz et al. have achieved 1.5-nm localization 
precisions.
11,12
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Figure 1-3. Left: The diffraction-limited image of an isolated emitter. Right: The intensity profile of the 
isolated emitter is fit to a 2D Gaussian function to precisely localize the center of the emission pattern. 
Figure by Yi Liao.
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1.4 Single-molecule probes 
The discovery of the green fluorescent protein (GFP)
13
 in 1962 and the ability to tune its 
variants across the visible spectrum
14-16
 dramatically expanded the field of bioimaging 
and has made an incredible impact on what can be observed inside living systems. The 
ease with which FPs can be genetically encoded and covalently bound to a protein of 
interest, with high labeling specificity and without need for trans-membrane introduction 
of any cofactors besides oxygen, makes them a primary choice for in vivo fluorescent 
tags.
17
 Though FPs are routinely used in single-molecule imaging,
18-21
 FPs are far from 
perfect single-molecule probes. In particular, FPs have limited brightness and poor 
photostability when compared to their organic dye counterparts.
22,23
 The brightness and 
photostability of a fluorophore are ultimately functions of the radiative decay rate of that 
molecule, and so this rate must be considered when evaluating the utility of a fluorophore 
as a SM probe. For example, Rhodamine 6G, a common small organic molecule, has a 
radiative decay rate of 0.22 ns
-1
 and is often used for single molecule studies,
23
 while 
mCherry, a typical red FP, is less bright, with a 0.15 ns
-1
 radiative decay rate.
22
 
Deficiencies in FP radiative decay rates ultimately influence the quantum yield (QY) and 
photostability of these fluorescent probes. Again, Rhodamine 6G makes a superior SM 
probe with a QY of 95%,
14
 while mCherry has a QY of a mere 22%.
22
 In terms of 
photostability, Rhodamine 6G will typically emit 10
6
 photons prior to photobleaching
23
 
(the photochemical destruction of a fluorophore causing it to no longer emit light), while 
GFP, another common FP tag, will typically emit only 10
5
 photons prior to 
photobleaching,
24
 making it a substantially less stable fluorophore. 
 9 
 
As discussed in Section 1.3, the spatial precision of single-molecule localization depends 
on the total number of photons detected.
10
 Poor FP radiative decay rates (and ultimately 
low quantum yields and photostabilities), therefore, contribute significantly to the fact 
that the resolution of SMF microscopy is currently limited to 10-40 nm in live cells.
25,26
 
Due to the many benefits of FPs as in vivo imaging tags, though, much interest lies in 
increasing the emission and photostability of FPs to ultimately increase the number of 
photons detected from these probes and improve SMF imaging in live cells. 
1.5 Fluorescence 
Single molecules are detected in SMF imaging experiments when the molecule emits a 
photon. Each detected photon is the result of the radiative decay of an excited-state 
electron that was promoted by photon absorption. Molecular absorption (A) is governed 
by Beer’s Law,            (
  
 
)      where T is transmission, Po is the incident 
radiant power, P is transmitted radiant power, ε is the molar extinction coefficient, b is 
the path length, and c is the absorber concentration. Though UV-vis absorption 
spectroscopy can be used quantitatively, its sensitivity is generally three orders of 
magnitude less than that of fluorescence spectroscopy,
27
 making fluorescence more 
suitable for single-molecule techniques. Once absorption has taken place, a molecule can 
relax back to the ground state by either radiative (fluorescence or phosphorescence) or 
non-radiative (internal conversion, intersystem crossing, etc.) transitions, as illustrated in 
in Figure 1-4. In this figure, bold lines represent the lowest vibrational state of the ground 
electronic state (S0), as well as of the first (S1) singlet excited state. Higher lying vibronic 
states are represented as thin lines above each electronic state. Generally, a molecule will 
be excited both electronically and vibronically after photon absorption (A; green arrow). 
 10 
 
The most likely process to initially take place after absorption is vibrational relaxation 
(VR; gray curved arrow). This process is very fast (~10
-11
-10
-9
 s) and is caused by a loss 
of vibrational energy due to collisions with other molecules, as well as sample heating. 
Next, a molecule can relax electronically through internal conversion (IC; black dashed 
arrows), a non-radiative transition in which a molecule relaxes to a lower excited state or 
the ground state of the same spin (singlet-to-singlet) without emitting a photon, or 
intersystem crossing (ISC; gray dashed arrow), another non-radiative transition where a 
molecule undergoes a spin conversion (singlet-to-triplet). Alternatively, the molecule can 
relax to the ground state through fluorescence (F; yellow and orange arrows), a radiative 
transition where a photon is emitted from a molecule in a spin-allowed singlet-singlet 
transition, or through phosphorescence (P; red and dark arrows), a slower radiative 
transition where a molecule emits a photon in a spin-forbidden singlet-triplet transition. 
Additionally, if a molecule enters the triplet state after ISC, it can photobleach (curved 
black arrow) from this state and enter a permanent dark state from which the molecule 
can no longer emit a photon. The timescales of these processes are summarized in Table 
1.1 and are all generally faster than the time resolution of a typical SMF experiment, with 
the exception of some phosphorescence.
28,29
 Nonetheless, these rates must be considered 
because the time-averaged quantities collected in SMF experiments, like brightness and 
photostability, are all functions of these rates. 
 
 
 11 
 
 
Figure 1-4. Energy diagram showing the possible transitions of an electron. 
 
Table 1.1 Timescales of molecular electronic transitions 
Transition Abbreviation Timescale (s) Radiative? 
Vibrational 
Relaxation 
 
VR 10
-14 
- 10
-11
 No 
Internal Conversion 
 
IC 10
-14
 - 10
-11
 No 
Intersystem Crossing 
 
ISC 10
-8
 - 10
-3
 No 
Fluorescence 
 
F 10
-9
 - 10
-7
 Yes 
Phosphorescence 
 
P 10
-4
 - 10
-1
 Yes 
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1.6 Using nanoparticle plasmonics for single-molecule imaging 
Since ancient times, the beautiful colors of metal nanoparticles (NPs) have been used to 
color clothing, as well as to stain glass and ceramics.
30
 Though the physics was not 
understood until centuries later, the vibrant colors of NP solutions come from the strong 
scattering properties of NPs in the visible range of the electromagnetic spectrum, making 
them ideal substrates for coupling to common SM probes (Figure 1-5).
30
 These scattering 
properties arise from the resonant excitation of a localized surface plasmon (LSPR), the 
collective oscillation of the metal NP conduction band electrons.
31
 For metal 
nanoparticles with a diameter, d << λ , where λ is the wavelength of incident light, the 
conduction band electrons are confined to the small particle volume and will move 
collectively in-phase upon resonant plane-wave excitation. This collective oscillation 
results in a buildup of polarized charges on the particle surface; these charges act as an 
effective restoring force and lead to for a resonant mode to occur at a specific frequency, 
the particle plasmon frequency.
32
 The resonant charge oscillations associated with the 
excitation of an LSPR, in turn, give rise to a large local electric field enhancement near 
the nanoparticle surface.
32-34
 Molecules placed in the nanoparticle near field can couple to 
this enhanced electric field, yielding several important effects.
30,31
 First, the NP can act as 
an optical antenna, efficiently concentrating incident radiation in its near-field, and 
causing an increased excitation rate of the molecule due to enhanced local power.
35
 These 
highly confined fields are generally referred to as “hot spots” and have been used in 
several near-field spectroscopies and imaging techniques, such as near-field scanning 
optical microscopy (NSOM) and surfaced-enhanced Raman spectroscopy (SERS).
34
 
Second, there will be an increased density of photonic states accessible to the nearby 
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molecule, and therefore, it will have an enhanced radiative decay rate according to 
Fermi’s Golden Rule, which affirms that the spontaneous emission rate depends on the 
local density of states.
36
 With an enhanced radiative decay rate, the quantum yield of the 
molecule will increase, and the photostability of the molecule will also increase.
35
 
Increased photostability is the result of a decreased lifetime; as the molecule spends less 
time in the excited state, it will have a decreased probability of undergoing ISC and thus a 
decreased probability of photobleaching (Figure 1-4) from a long-lived triplet state. 
37
 
 
 
Figure 1-5. Wavelength ranges for common SM probes (dyes and FPs) and various Au nanospheres and 
nanorods (NRs). 
 
 Collectively, the effects of coupling a molecule to a resonantly excited plasmonic NP 
will lead to altered molecular optical properties. Under proper experimental conditions, 
increased fluorescence intensity and an increased photon yield, or the number of total 
photons emitted before irreversible photobleaching of the fluorophore, can be 
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observed.
33,35
 The influence of these effects on the molecular fluorescence intensity,    , 
is proportional to both the excitation rate of the fluorophore in the NP near field at the 
excitation frequency,         , and the quantum yield for the fluorophore at the emission 
frequency,        . The factors          and         are extremely sensitive to 
excitation and emission frequencies, respectively, as well as to the NP shape and size, 
and to the distance between the NP and fluorophore.
35,38
 Thus, a comprehensive 
understanding these parameters of the specific NP-fluorophore system being studied is of 
vital importance for optimizing fluorescence enhancement. 
1.7 Thesis outline 
In Chapter 2 of this Thesis, we develop protocols for coupling fluorescent proteins (FPs) 
to plasmonic gold substrates and design in vitro experiments to demonstrate enhanced 
emission, as well as increased photostability, from single FPs coupled to gold NRs. We 
then show that coupling an FP to a single NR leads to a shift in the apparent emission 
position toward the NR center due to re-radiation through the NR plasmon mode. In 
Chapter 3, we show that plasmon-enhanced emission from single FPs can increase the 
fluorescence signal for in vivo imaging of membrane-bound proteins inside live Vibrio 
cholerae bacteria cells. In these experiments, we resolve a re-radiation pattern that is 
localized near the edges of gold nanotriangles and not shifted to the nanoparticle center, 
like what was observed in experiments done with NRs. Finally, in Chapter 4, we 
demonstrate that selective polarization-dependent excitation of anisotropic gold NRs 
yields polarization-dependent emission from coupled Cy5.5 dye molecules, providing a 
new avenue of selectivity in single-molecule experiments. In Chapter 5, we summarize 
our findings and suggest several experiments that could expand the work described in this 
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Thesis. Collectively, the work in this Thesis develops a new approach for improving 
super-resolution microscopy in living cells through exploring plasmon-enhanced FP 
emission, applying this understanding to in vivo systems, and demonstrating increased 
selectivity for addressing nanostructures on the nanometer scale. 
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Chapter 2 Plasmon-Enhanced Brightness and Photostability from Single 
Fluorescent Proteins Coupled to Gold Nanorods 
 
The work presented in this chapter was  published in the following paper: 
J. E. Donehue, E. Wertz, C. N. Talicska, J. S. Biteen, “Plasmon-enhanced brightness and 
photostability from single fluorescent proteins coupled to gold nanorods,” Journal of Physical 
Chemistry C, 118, 2014, 15027-15035.  
 
2.1 Abstract 
Single-molecule imaging pushes fluorescence microscopy beyond the diffraction limit of 
traditional microscopy.  Such super-resolution imaging, which relies on the detection of 
bright, stable fluorescent probes to achieve nanometer-scale resolution, is often hindered 
in biological systems by dim, blinking fluorescent proteins (FPs).  Here, we use gold 
nanorods and single-molecule fluorescence detection to achieve plasmon-enhanced 
emission from intrinsically fluorescent proteins.  We measure a doubled photon emission 
rate from the red FP mCherry, and detect three times more photons before 
photobleaching from the photo-activatable FP PAmCherry.  We further explore the effect 
of near-field nanorod interactions on the yellow FP mCitrine, for which the observed 
emission enhancements cannot overcome measurable quenching.  Overall, our work 
indicates that plasmonic particles improve both the brightness and photostability of FPs, 
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and extends the applications of plasmon-enhanced fluorescence to the arena of biological 
imaging. Furthermore, because gold nanorods are non-toxic, they are promising 
extracellular imaging substrates for enhancing emission from FP-labeled membrane-
bound proteins in live cells. 
2.2 Introduction 
In recent years, super-resolution imaging has revolutionized the study of biological 
systems and structures, providing high sensitivity and nanometer-scale resolution.  In a 
typical super-resolution microscopy experiment, a biological molecule of interest is 
conjugated to a fluorescent label.  Single, spatially isolated, labeled molecules serve as 
point light sources with emission profiles that approximate the point-spread function 
(PSF) of the microscope.  By fitting the diffraction-limited emission profile of the label, 
the position of the emitter can be determined on the nanometer scale—far better than the 
standard diffraction limit of light.
1
  In fact, the precision of this technique is mostly 
limited mainly by the number of detected photons,
2
 and in vitro implementations of 
single-molecule fluorescence (SMF) imaging have determined the position of Cy3-
labeled motor proteins with 1.5-nm localization precision.
3
 Though intense single-
molecule signals and accordingly excellent localization precisions are achieved with such 
bright organic dyes, the most common method for labeling proteins of interest in vivo is 
with genetically encoded fusions to fluorescent proteins (FPs).  The main advantage of 
this approach is that the FP is covalently bound to the protein of interest and can be 
expressed with high specificity inside the cell, without need for trans-membrane 
introduction of dyes or cofactors.
4
  Advances via genetic mutations have led to a library 
of monomeric FPs spanning the visible spectrum in excitation and emission frequencies.  
 21 
 
Furthermore, photo-activatable FPs, which can be switched from an initial dark state to a 
fluorescent state by irradiation with violet light,
5
 increase the utility of these fluorescent 
probes for super-resolution microscopy techniques such as photoactivatable localization 
microscopy (PALM),
6
 fluorescence photoactivated localization microscopy (FPALM),
7
 
and stochastic reconstruction microscopy (STORM).
8
  
Fluorescent proteins are therefore an important tool with many advantages for bio-
imaging.  However, FPs have slower radiative decay rates than bright, organic dyes 
conventionally used for single-molecule imaging, making FPs less photostable and 
reducing their quantum yield.
9
  Indeed, prior to photobleaching, typical FPs emit an order 
of magnitude fewer photons than small-molecule dyes.
10,11
 Thus, while single molecules 
of Cy3-labeled myosin have been observed walking in vitro for minutes,
3
 cellular single-
FP tracking experiments are often limited to short trajectories of only a few seconds.  The 
poor photophysical properties of FPs reduce the accuracy with which diffusive and 
directional motion can be characterized and make single-FP tracking inadequate for 
longer timescale processes.
12
  Additionally, the time resolution of live-cell single-
molecule imaging depends on the FP fluorescence brightness.  By enabling imaging at 
faster camera frame rates, high fluorescence quantum yields allow observations of fast 
dynamics.  However, while GFP is relatively efficient with a quantum yield of 77%,
13
 
redder FPs, which are preferred in bio-imaging due to a weaker cellular autofluorescence 
background at longer wavelengths, have significantly lower quantum yields.  For 
example, the red FP mCherry has a 22% quantum yield,
14
 making fast dynamics of this 
probe difficult to capture.  Overall, because the single-molecule localization precision 
depends on the total number of photons detected, deficiencies in FP radiative rates (and 
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therefore photostabilities and quantum yields) generally limit the resolution of SMF 
imaging in cells to 10–40 nm.15,16 This tens-of-nanometers localization precision 
precludes the use of SMF to directly visualize molecular-scale interactions of small 
biomolecules like proteins, which are 1–2 nm in size.  Therefore, improving the radiative 
rate of FPs and creating brighter, longer-lived probes will yield improved trajectory 
lengths, imaging rates, and localization precisions to overcome current limitations.  
In this chapter, we use plasmon-enhanced fluorescence to improve the emissive 
properties of FPs.  Noble metal nanoparticles support local surface plasmon resonances 
(LSPRs), the collective oscillations of conduction-band electrons.
17
  These LSPR 
excitations produce a large electric field concentration in the nanoparticle near field, 
which will amplify the excitation rate of a fluorescent molecule due to enhanced local 
incident power, and will enhance the molecular radiative decay rate by increasing the 
density of accessible photonic states.
18
  Indeed, coupling to an enhanced field leads to 
brighter molecules by enhancing the rates of both excitation and decay.  Since the 
fluorescence decay rate,    , is the product of the excitation rate,     , and the quantum 
yield,   ,
18
 the fluorescence decay rate is the experimental observable most 
significantly affected by plasmonic coupling.  Additionally, increasing the radiative 
decay rate leads to more photostable fluorophores, as the molecules spend less time in the 
excited state, decreasing the probability of intersystem crossing, and thus the rate of 
photobleaching from the long-lived triplet state.
19
  Collectively, these effects can increase 
both the total number of photons emitted before photobleaching and the number of 
photons detected in each imaging frame.  Very close coupling (  3 nm) does lead to 
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additional non-radiative decay pathways,      , but this quenching effect is small for 
larger distances, and the smallest separation distances can be avoided.
20,21
   
Extensive research on plasmon-enhanced fluorescence (also referred to as metal-
enhanced fluorescence) of dyes and quantum dots suggests that this technique is also 
ideally suited for solving problems inherent in FP-based fluorescence imaging.
22-35
  Here, 
we couple the FPs mCherry, PAmCherry, and mCitrine to the biocompatible plasmonic 
substrate gold nanorods (NRs).  The gold NR asymmetry produces two plasmon modes 
corresponding to electron oscillations along the longitudinal (long) axis and the 
transverse (short) axis of the rod.  These two plasmon modes can therefore couple to the 
red (mCherry and PAmCherry) and yellow (mCitrine) emitting FPs, respectively.  Like 
all other commonly used FPs, mCherry, PAmCherry and mCitrine are composed of a 
small chromophore encapsulated in a ß-barrel scaffold.  FP chromophores are very 
sensitive to their environment, and indeed, they are very poor emitters when removed 
from the ß-barrels that surround them,
36-39
 a property distinguishing them from typical 
organic dyes.  In this work, we find that plasmonic interactions are not degraded by these 
unique environmental sensitivities, and we can therefore indeed produce brighter and 
more photostable FPs for single-molecule imaging by coupling to the enhanced field 
about plasmonic nanoparticles.  
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2.3 Experimental Methods 
2.3.1 Fluorescent proteins  
Solutions of mCherry were made from reconstituted purified proteins (BioVision, Inc.).  
Solutions of mCitrine and PAmCherry were prepared from purified proteins harvested 
from E. coli cells, as described below in Biological Methods. 
2.3.2 Biological methods 
Solutions of mCherry were made from reconstituted purified proteins (BioVision, Inc.), 
and mCitrine and PAmCherry solutions were prepared from purified proteins harvested 
from Escherichia coli cells.   
His-tagged mCitrine FPs were purified from cultures of BL21(DE3) competent 
 
E. coli 
cells transformed with pET-mCitrine (Addgene #29771).
5
  BL21(DE3) cells were grown 
overnight in LB with 50 µg/mL ampicillin at 37°C with shaking, then diluted 100-fold 
into fresh media.  Cells were grown to an optical density of 0.6 at 600 nm, at which point 
protein expression was induced by the addition of Isopropyl β-D-1-thiogalactopyranoside 
(IPTG) to a final concentration of 1 mM.  Cells were harvested by centrifugation (10 min, 
3000 ×g) 2.5 hours after induction, and lysed with B-PER
TM
 solution (ThermoScientific).  
His-tagged PAmCherry FPs were purified from cultures of DH5α competent  E. coli cells 
transformed with pBAD/HisB-PAmCherry1 (Addgene #31931).
58
  DH5α cells were 
grown overnight in LB with 50 µg/mL ampicillin at 37°C with shaking, then diluted 100-
fold into fresh media.  Cells were grown to an optical density of 0.6 at 600 nm, at which 
point protein expression was induced by the addition of arabinose to a final concentration 
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of 0.2%.  Cells were harvested by centrifugation (10 mins, 3000 ×g) 20 hours after 
induction and lysed with B-PER solution (ThermoScientific).   
Both of the His-tagged FPs were purified using a spin column (HisPur
TM
 Ni-NTA, 
ThermoScientific).  mCitrine was further purified in a Zeba Spin Desalting Column 
(ThermoScientific) with a 7-kDa molecular weight cut-off.  Protein purity was assayed 
using polyacrylamide gel electrophoresis, and final protein concentration was determined 
from absorption at 280 nm (NanoDrop 2000 UV-Vis). 
2.3.3 Gold nanorod substrates  
Glass microscope coverslips were coated with 100 nm ITO by sputter deposition (Kurt J. 
Lesker, Lab 18-1), cleaned using an O2-plasma etch (200 mTorr, 10 mins, PE-50, Plasma 
Etch Inc.), then lithographically patterned with 2 μm × 2 μm gold crosses for aligning 
optical and SEM images.  Gold nanorod substrates were prepared using a spin-assisted 
layer-by-layer technique,
40
 where polyelectrolyte films of positively charged 
poly(diallyldimethyl ammonium chloride) solution (PDADMAC, Sigma Aldrich) and 
negatively charged poly(sodium 4-styrene) solution (PSS, Sigma Aldrich)  were used to 
immobilize gold nanorods (NRs) to the surface of the ITO-coated coverslips.  NRs were 
purchased from Nanopartz Inc. (Loveland, CO) and used as received.  Polyelectrolyte 
solutions (20% by weight in water) were diluted in DDI water to 20 mM (calculated 
using monomeric weights).  Dilute PDADMAC was spun onto the cleaned coverslips 
(300 µL, 15 s, 4000 rpm), then washed 3 times with DDI water.  A mixture of NRs and 
dilute PSS was then spun onto the coated coverslip (100 µL NRs, 200 µL PSS, 15 s, 4000 
rpm), followed by 3 DDI water washes.  NR substrates were characterized by single 
molecule localizations (Figure 2-1) and by high-resolution scanning electron microscopy 
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(FEI NOVA 200 Nanolab SEM/FIB, 10-kV accelerating voltage), showing a density of 2 
– 3 NRs/625 µm2, where 625 µm2 corresponds to the imaging area of the epifluorescence 
experiments. 
2.3.4 Immobilized PAmCherry fluorescent proteins on nanorods   
Concentrated NR films were prepared on ITO-coated glass coverslips that had been 
cleaned 10 min in an O2 plasma.  4 mL of 112 nm × 53 nm NRs was centrifuged 3 min in 
Eppendorf tubes at 2500 ×g to concentrate.  The supernatant was removed and the 
concentrated fraction (400 µL) was used to prepare a more dense NR substrate.  20 mM 
PDADMAC was spun onto the cleaned ITO-coated coverslips (300 µL, 15 s, 4000 rpm), 
then washed 3 times with DDI water.  A mixture of 100 µL concentrated NRs and 200 
µL 20 mM PSS was then spun onto the coated coverslip (15 s, 4000 rpm), followed by 3 
washes with DDI water. NR substrates were characterized by high-resolution scanning 
electron microscopy (FEI NOVA 200 Nanolab SEM/FIB, 10-kV accelerating voltage), 
revealing a greater density of NRs on sample (15-20 NRs/625 µm
2
), as compared to 
previous dilute samples.  To immobilize PAmCherry above the NR substrate, a thin layer 
of PDADMAC (20 mM, 300 µL, 15 s, 4000 rpm) was spun on to the substrate surface, 
followed by 3 washes with DDI water, and then the final layer of 16 µL 45-µM 
PAmCherry in 284 µL 20-mM PSS was spun on top (15 s, 4000 rpm). 
2.3.5 Epifluorescence microscopy  
Wide-field epifluorescence microscopy was performed with a 1.40-NA oil-immersion 
objective in an Olympus IX71 inverted microscope.  Single mCitrine molecules were 
excited with circularly polarized 488-nm laser light (Coherent Sapphire 488-50 and 
Tower Optical .250-488 quarter waveplate) or circularly polarized 514-nm laser light 
 27 
 
(Spectra-Physics 514 and Tower Optical .250-515 quarter waveplate), and single 
mCherry and PAmCherry molecules were excited with circularly polarized 561-nm laser 
light (Coherent Sapphire 561-50 and Tower Optical .250-556 quarter waveplate).  
Excitation intensities were 23 – 24 W/mm2 for PAINT experiments, and 15 W/mm2 for 
immobilized-FP experiments.  Photo-activation of PAmCherry was achieved using short 
pulses (200 ms, 15 W/mm
2
) of circularly polarized 406-nm laser light (Coherent Cube 
406 and Tower Optical .250-405 quarter waveplate).  Fluorescent emission was filtered 
appropriately (Semrock Di01-R488/ BLP01-488, Di01-R488/BLP01-514, or Di01-
R561/BLP01-561R) to maximize signal and minimize scattered laser light, then imaged 
on a 512×512 pixel Andor iXon EMCCD at 40 ms/frame (for PAINT experiments) or on 
a 512×512 pixel Photometrics Evolve EMCCD at 100 ms/frame (for immobilized 
experiments) for 0.5 – 2 minutes.  Emission intensities, molecular positions and total 
emitted photons were extracted from the data by least-squares fitting molecules to a 2D 
Gaussian function with the MATLAB routine nlinfit. 
2.3.6 Dark field scattering spectroscopy  
NR substrates for dark-field experiments were prepared on O2-plasma cleaned glass 
coverslips as described above.  A broadband halogen light source (400 – 1000 nm) was 
used to excite the sample through a dark-field condenser and scattered light was collected 
using an Olympus IX71 inverted microscope equipped with a dark-field oil-immersion 
objective (NA = 0.6).  NR substrates were immersed in water and covered by a 
microscope slide.  The diffraction-limited image of a single NR was aligned to the 
entrance slit of an imaging spectrograph (Acton 2300, Princeton Instruments) and 
spectral data was collected with an EMCCD (Andor iXon).  Background spectra 
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(collected from nearby positions with no NR image on entrance slit) were subtracted 
from measured spectra and all data were divided by the broadband spectrum of the 
halogen light source to correct for the system spectral efficiency.   
2.3.7 PAINT imaging of fluorescent proteins on nanorods 
In PAINT experiments, 75 µL – 100 µL of 175 nM FP in PBS was placed on top of the 
NR substrates and contained by a small rubber O-ring that had been previously cleaned 
by sonication in acetone. 
2.3.8 Background subtraction methods 
Gold NRs are known to efficiently scatter light and fluoresce under the proper conditions.  
However, as this signal is constant over time during all of our experiments, we subtract 
this background before image processing.  The fluorescence images in Figure 2-6b and 
Figure 2-10c are examples of such background-subtracted images.  A raw data movie 
from a PAINT experiment, as well as the same movie after background subtraction 
demonstrate that no NR scatter or fluorescence appears in the movies we fit. 
2.4 Results and Discussion 
2.4.1 Spectral properties of fluorescent proteins and gold nanorods   
Gold nanorods (Nanopartz Inc.) were used as received and immobilized (Figure 2-1) in 
polyelectrolyte films on the surface of glass coverslips
40
 that were coated via sputter 
deposition with indium tin oxide (ITO).  This ITO coating provided a conductive 
substrate for scanning electron microscopy (SEM).  A UV-visible absorbance spectrum 
of a nanorod (NR) solution indicated a monodisperse sample (Figure 2-2).  To 
characterize relevant NR optical properties in actual experimental conditions and 
 29 
 
geometry, however, the dark-field scattering of isolated gold NRs immobilized on ITO-
coated microscope coverslips and immersed in water was measured, and the scattering 
spectrum from a representative NR is shown in Figure 2-4, dotted lines. Additional 
representative scattering spectra are plotted in Figure 2-3. The transverse plasmon mode 
peak at 541 nm scatters much less than the longitudinal plasmon mode peak at 620 nm, 
indicating that the transverse mode is the weaker mode.  The mCherry and mCitrine FPs 
were chosen for their spectral overlap with these two measured NR plasmon modes; the 
solid lines in Figures 2-4a and 2-4b show the fluorescence excitation and emission 
spectra of mCherry and mCitrine, respectively, measured in solution at 175 nM – 350 nM 
concentrations.  The emission maximum of mCitrine (529 nm) overlaps well with the NR 
transverse mode, while the emission maximum of mCherry (610 nm) overlaps well with 
the NR longitudinal mode 
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Figure 2-1. (A) Single-molecule localizations of a representative gold NR immobilized in poly(sodium 4-
styrene) and immersed in PBS buffer (pH = 7.4) over the course of 120 s.  The super-resolved trajectory of 
the NR (pink) is superimposed on a diffraction-limited fluorescence image of the NR. Three successively 
zoomed in views demonstrate that the NR apparent position is confined to an area of roughly 200 nm2 over 
the course of the experimental timescale.  (B) Apparent step sizes of the NR in (A).  (C) Histogram of the 
angles between each set of two consecutive NR steps for 11 immobilized gold NRs. The distinctive U-
shaped distribution is expected for immobile molecules localized in the presence of Gaussian fitting 
noise.59  (D) Histogram of all apparent displacements for the 11 gold NRs in (C).  These measured 
displacements are due to nanometer-scale localization errors and stage drift; these small displacements 
indicate that the NRs are well immobilized in the aqueous environment on the timescale of the PAINT 
experiments. 
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Figure 2-2. Absorption spectrum of gold NRs (112 nm x 53 nm) in aqueous solution (measure at 1.5x1010 
NRs/mL). 
 
 
 
Figure 2-3. Comparison of four representative single-NR scattering spectra measured by dark-field 
microscopy.  The transverse mode consistently appears at 541 nm ± 2 nm and the longitudinal mode 
appears at 622 nm ± 1 nm.  The intensities of each peak represent the relative strengths of the two plasmon 
modes 
.  
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2.4.2 PAINT detection of mCherry coupling to the nanorod longitudinal mode  
The PAINT super-resolution method (Points Accumulation for Imaging in Nanoscale 
Topography)
41
 was used to study the coupling of FPs and NRs.  In these PAINT 
experiments, the NR substrate was immersed in a FP solution, from which FP molecules 
stochastically adsorbed on and desorbed from the surface over time (Figure 2-5).  FPs 
that adsorbed to the substrate surface were visualized on the EMCCD detector as discrete 
punctate spots, whereas free FPs in solution (those molecules not adsorbed onto the 
substrate surface) were invisible because their motion was too fast to be resolved by the 
EMCCD (at a 25-Hz frame rate).  Maintaining a low concentration (175 nM) of FPs in 
solution ensured spatially isolated single-molecule adsorption events, and each detected 
burst of light was fit using a super-resolution algorithm to determine the position and 
intensity of emission.  A 6 × 6 pixel (294 × 294 nm) region of interest (ROI) centered 
about the NR was identified from a fit to the diffraction-limited NR scattering image, and 
we compare the emission of FPs adsorbing to this “on-NR” region, which encompasses 
the NR near-field where FPs are strongly coupled to the resonantly enhanced local field, 
to the emission of FPs adsorbing outside of the NR-proximal ROI (“off-NR”). 
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Figure 2-4. Dark-field scattering spectra of 112 nm × 53 nm gold NRs (blue dotted lines) and 
fluorescence excitation (dashed lines) and fluorescence emission (solid lines) spectra of (a) 
mCherry and (b) mCitrine.  The mCherry spectra are also representative of PAmCherry.  NR 
scattering spectra were collected in water.  FP spectra were collected in PBS buffer (pH = 7.4).  
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Figure 2-5. Schematic of PAINT experiments.  Due to rapid Brownian motion, FPs (blue spheres) are 
invisible when free in solution and detected only when they adsorb on the substrate surface.  The image is 
acquired on a region of the pixelated EMCCD detector centered about the midpoint of the gold NR 
scattering image.  The 6 × 6 pixel on-NR area is shown in red, while everything outside this region is 
consider the off-NR area.  Each box in grid represents a 49 × 49 nm imaging pixel. 
 
Based on spectral overlap of mCherry emission and NR scattering (Figure 2-4a), 
mCherry FPs are predicted to couple to the NR longitudinal mode. In Figures 2-6a-d, the 
brightness of mCherry FPs adsorbing on a gold NR substrate under 561-nm excitation 
(pump intensity = 23 W/mm
2
) is examined.  In these experiments, the NR scattering and 
photoluminescence,
42,43
 which is constant in time and intensity, appears as a diffraction-
limited spot.  This background scattering signal was recorded during a imaging frame in 
which no FP adsorption occurred, and subsequently subtracted from all imaging frames 
prior to further analysis (Section 2.3.8). Analyzed movies show that no NR scattering 
from the raw data (top) is present in the background-subtracted data (bottom). Figures 2-
6a and 2-6b show representative background-subtracted epifluorescence images of single 
mCherry FPs adsorbing on and off gold, respectively, on the same grayscale. Figure 2-6c 
shows the intensity profiles across the centers of each of these molecules in pink and 
black, respectively. The intensity of the on-NR molecule is more than 2- fold higher than 
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that of the off-NR molecule, showing an example where coupling leads to a brighter 
molecule. 
Single-molecule images of 4533 adsorbed mCherry FPs were analyzed from background-
subtracted movies using a super-resolution algorithm based on Gaussian fitting.
15
 The 
resulting localizations were divided into on-NR and off-NR as described above (Figure 2-
5), and the fits from the two populations were binned according to number of photons 
detected per second (Figure 2-6d).  Figure 2-6d shows a significantly broader and 
brighter distribution for mCherry FPs coupled to NRs (on-NR population) relative to off-
NR mCherry.  The average photon detection rate for the off-NR population is 20,800 
photons/s, while the average photon detection rate for the on-NR population is 44,400 
photons/s (Table 2.1).  Though a substantial enhancement is observed, we note that this 
observed improvement is only a lower limit on the maximum experimentally achieved 
enhancement because the on-NR data is averaged over all possible FP dipole orientations, 
as well as over FP-NR separation distances up to 150 nm.  
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Figure 2-6. (a) and (b) Representative epifluorescence images of single mCherry FPs adsorbed on and off  
gold, respectively.  Scale bars: 1 µm.  (c) Intensity profiles across the centers of mCherry molecules in (a) 
and (b) (pink and black curves, respectively).  (d) Comparison of single-molecule fluorescence photon 
detection rate for mCherry FPs on gold NRs (pink) and off NRs (black).  Average rate of photon detection 
on gold NRs is 44,400 photons/s.  Average rate of detection off gold NRs is 20,800 photons/s.  561-nm 
laser excitation intensity: 23 W/mm2. (e) and (f) Comparison of single-molecule fluorescence photon 
detection rate on gold NRs (teal and green) and off gold NRs (gray) for mCitrine FP molecules excited at 
(e) 488 nm and (f) 514 nm.  With 488-nm excitation, the on-NR population has an average detection rate of 
14,600 photons/s, while the off-NR population has an average detection rate of 17,900 photons/s.  With 
514-nm excitation, on average 37,100 photons/s are detected from the on-NR population, and the off-NR 
population has an average rate of detection of 36,200 photons/s.  488-nm laser excitation intensity: 24 
W/mm2, 514 nm laser excitation intensity: 24 W/mm2.  Statistics for the total number of localizations per 
PAINT experiment available in Table 1. 
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Table 2.1 Summary of photon detection rate distribution parameters for mCherry and 
mCitrine PAINT experiments 
 
The observed enhancement of FP emission upon coupling to gold NRs is beneficial for 
super-resolution imaging for three reasons: (1) brighter FPs will increase the number of 
photons detected per imaging frame, improving the localization precision of each single-
molecule fit, (2) more photons detected per second enables increased imaging speeds, and 
(3) faster radiative rates lead to an overall increase in photostability, thereby increasing 
the lengths of observable single-molecule trajectories. Additionally, as the precision of 
single-molecule localization is related to the number of detected photons, an 
improvement in experimental localization precision is expected.  Average localization 
precisions were determined using the 95% confidence interval on the estimation of 
emitter position,
15
 and indeed, for fits of the brighter on-NR population, we observe an 
average localization precision of 18 nm, while the average localization precision for the 
off-NR population fits was 31 nm.  This improvement in experimental localization 
precision (1.7×) agrees well with the theoretical prediction that localization precision will 
FP/substrate Pump 
intensity 
(W/mm2) 
Pump 
wavelength 
(nm) 
Mean photon 
detection rate 
(photons/s) 
Standard 
deviation 
Median 
detection rate 
(photons/s) 
Ratio of 
means (on-
NR/off-NR) 
Figure 
number 
mCherry/on NR 23 561 44400 43000 31400 2.13 6d 
mCherry/off NR 23 561 20800 13500 17400 - 6d 
mCitrine/on NR 24 488 14600 8500 11900 0.82 6e 
mCitrine/off NR 24 488 17900 11000 15200 - 6e 
mCitrine/on NR 24 514 37100 19400 33000 1.03 6f 
mCitrine/off NR 24 514 36200 20300 32000 - 6f 
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be inversely related to the square root of the number of photons detected,
2
 since 
experimentally we observed a 2.1× increase in photons per second. 
2.4.3 PAINT detection of mCitrine coupling to the nanorod transverse mode   
To study coupling between FPs and the NR transverse mode, we examined the yellow FP 
mCitrine, which has an emission maximum that is resonant with the NR transverse mode.  
NR substrates were immersed in a solution of the yellow FP mCitrine for PAINT 
experiments.  Due to the broad mCitrine excitation spectrum (Figure 2-4b), this FP can be 
excited by a 488-nm laser, which does not overlap with the NR scattering spectrum, or by 
514-nm excitation, which overlaps well with the NR scattering spectrum.  Under 488-nm 
excitation (Figure 2-6e), the on-NR mCitrine population (teal) has a substantially reduced 
average photon detection rate relative to off-NR mCitrine (gray): the mCitrine brightness 
is reduced from an average of 17,900 detected photons/s off gold to an average of 14,600 
detected photons/s on gold.  Here, the 488-nm excitation is off-resonance with the 
transverse plasmon mode, so no absorption enhancement can occur, and the decrease in 
the average photon detection rate for those molecules on gold may be due to quenching, 
as is typical for metal-fluorophore nonradiative energy transfer interactions.
44
  However, 
absorption enhancement becomes possible when the same mCitrine/NR sample is excited 
at 514 nm, resulting in an enhanced photon detection rate that balances quenching and 
results in no observable net enhancement (Figure 2-6f).   
These data reveal a clear difference in the ratio of quenching to enhancement for the 
mCitrine and mCherry FPs. This is consistent with the dark-field scattering spectra of 
isolated gold NRs (Figure 2-4), in which the transverse plasmon mode at 541 nm scatters 
light much less efficiently than the longitudinal plasmon mode at 620 nm, indicating that 
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the transverse mode is the weaker of the two modes.  Indeed, Ming et al. demonstrated 
that fluorophores embedded in a silica shell around gold NRs are greatly enhanced by the 
NR longitudinal mode,
45
 while Fu et al. showed strong enhancements of nanorod end-
linked fluorophores.
46
  Additionally, a theoretical investigation by Lu and coworkers 
highlighted that the longitudinal gold NR mode can act as a very efficient antenna at long 
distances (up to 50 nm),
47
 while cathodoluminescence experiments and calculated 
scattering spectra from Knight et al. indicate the transverse mode of NRs is quite 
weak.
47,48
  
 
Figure 2-7. Scanning electron microscope image of representative gold NR used in PAINT experiments.  
Scale bar: 100 nm. 
 
2.4.4 Single-molecule mapping detects the optical antenna effect  
In addition to providing a measure of fluorescence intensity for each adsorbed FP, the 
PAINT experiments described above also indicate the apparent position of emission for 
each adsorption event.  We assigned the center position of each sub-diffraction limit 
ellipsoidal NR by fitting the scattering intensity, and used alignment markers and SEM 
imaging to verify that diffraction-limited images were indeed isolated NRs (Figure 2-7).  
For every mCherry and mCitrine molecule detected in the vicinity of a representative, 
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isolated NR (greyscale diffraction-limited scattering image), we plot the apparent 
positions as a dot, in Figures 2-8a and 2-8b, respectively.  Here, cyan dots represent FP 
localizations with photon detection rates equal to the average off-NR rate, red dots 
represent localizations with enhanced (greater than one standard deviation above the off-
NR average) photon detection rates, and yellow dots represent localizations with 
diminished (more than one standard deviation below the off-NR average) photon 
detection rates. 
 
Figure 2-8. Single-molecule position maps of PAINT data (yellow, cyan and red dots) for mCherry (a) and 
mCitrine (b) overlaid on a diffraction-limited image of isolated gold NRs (grayscale).  PAINT data and 
diffraction-limited image were registered using alignment markers.  Each dot shows the center position of 
the emission detected from a single FP molecule adsorbing on or near the NR.  Cyan dots indicate 
localizations with intensities near the off-NR average, while red dots indicate localizations with enhanced 
(greater than one standard deviation above the off-NR average) intensities and yellow dots indicate 
localizations with diminished (less than one standard deviation below the off-NR average) intensities.  
Scale bars: 300 nm. 
 
In Figure 2-8a, the majority of red localizations occur for FPs very close to the NR, this 
supports our hypothesis that the enhanced photon detection rate is due to near-field FP-
nanoparticle coupling.  Strikingly, the very dense, enhanced mCherry population 
clustered at the NR center in Figure 2-8a shows that when NR-mCherry coupling occurs, 
 41 
 
not only is the intensity of the FP emission is enhanced, but also the apparent position of 
emission is shifted to the NR location.  Importantly, this observed clustering occurs 
despite the fact that the position at which FPs adsorb to the microscope coverslip will be 
random.  Consistent with work by Taminiau et al.,
49
 we observe that the NRs are acting 
as optical antennas.  Furthermore, in Figure 2-8b, though little mCitrine enhancement is 
observed (i.e., few dots are red), the apparent emission from randomly distributed 
mCitrine molecules is still slightly clustered at the NR center.  Interestingly, this shows 
that emission shifting occurs for NR-mCitrine interactions, even in the absence of strong 
enhancement, and we attribute the localization pattern to the more subtle coupling 
between mCitrine FPs and the transverse NR mode.  Overall, the increased density of FP 
localizations near the NR centers in Figures 2-8a and 2-8b gives experimental evidence 
of the NRs behaving as optical antennas in the case of both strong and weak fluorescence 
enhancement. 
2.4.5 PALM imaging of total photon yield 
The PAINT experiments described above for mCherry and mCitrine detect the emission 
from FP molecules as they adsorb on a substrate to determine the photon detection rates.  
However, because the FP can desorb from the surface before photobleaching in this 
experimental geometry (Figure 2-5), PAINT experiments cannot measure the total 
number of photons emitted prior to photobleaching. To measure total detected photons, 
we immobilized a dense collection of FPs in a polyelectrolyte layer on top of a gold NR 
substrate (Figure 2-9a).  Here, the FPs are packed closer together than the standard 
diffraction limit, and as a result, imaging all FPs simultaneously would prevent detection 
at the single-molecule level.  We therefore used the photo-activatable red FP 
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PAmCherry
50
 and PALM imaging to fulfill the low-density requirement of single-
molecule imaging: PAmCherry is initially dark (non-absorbing) and can be switched into 
an emissive state by photo-activation with 406-nm illumination (Figure 2-9b).  This 
photo-activated subset was imaged with 561-nm excitation (15 W/mm
2
) until bleached 
(Figure 2-9c), and then the cycle of photo-activation and imaging was repeated (Figure 2-
9d-e) until all the FPs were bleached.  Background subtraction of the constant NR 
scattering signal was ensured as above. 
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Figure 2-9. Schematic of PALM imaging detection of PAmCherry fluorescent proteins densely coated on 
gold NR substrates.  (a) Initially all of the PAmCherry molecules are dark (gray dots).  A 406-nm laser 
pulse photo-activates (b) a sparse subset of PAmCherry (pink dots).  The photo-activated PAmCherry is 
imaged with 561-nm laser excitation until (c) all PAmCherry molecules bleach.  (d-e) The photo-activation 
and imaging/photo-bleaching cycle is repeated until all PAmCherry molecules have been characterized.
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PAmCherry was chosen here because its 564-nm excitation maximum and 595-nm 
emission maximum
5
 are very similar to those of mCherry (Figure 2-4a).  We therefore 
expect mCherry and PAmCherry to couple to gold NRs in a similar way. 
The total number of photons detected from PAmCherry molecules near gold NRs and off 
gold NRs (“on-NR” and “off-NR”, respectively) is compared in Figure 2-10a.  Coupling 
to gold NRs increases the total number of photons detected from each PAmCherry 
molecule: on average, 2000 total counts are detected from immobilized PAmCherry FPs 
detected in the on-NR region, while an average of only 660 total counts are detected from 
PAmCherry FPs off-NR.  In other words, FPs coupled to the gold NR near-field emit on 
average three times more photons prior to photobleaching than uncoupled FPs.  
Furthermore, the tail of the histogram (inset to Figure 1-10a) shows that there is an 
increase in the number of significantly enhanced PAmCherry molecules on gold.  This is 
reflected in a broader distribution (standard deviation on-NR = 4233 vs. standard 
deviation off-NR = 1625).  Figure 2-10b shows representative intensity time traces 
plotted for single PAmCherry FPs on-NR and off-NR (red and black curves, 
respectively); the raw epifluorescence images of these molecules are shown in Figure 2-
10c.  The intensity of this particular on-NR trace is nearly double that of the off-NR trace, 
and the emission lasts more than three times longer, yielding a significant enhancement in 
total detected photons: the integral of the on-NR curve in Figure 2-10b is 6.9 times larger 
than the off-NR integral.  Clearly, through coupling, both the brightness and 
photostability of PAmCherry FPs is improved. 
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Figure 2-10. (a) Comparison of total photons detected for single, immobilized PAmCherry molecules on 
gold NRs (red) and off gold NRs (black). Inset: zoomed view of the tail region indicated by the blue dashed 
line.  (b) Intensity time traces plotted for representative PAmCherry molecules on and off gold NRs (red 
and black curves, respectively). (c) Epifluorescence images off NR (white circle) and on NR (red circle) of 
the PAmCherry molecules in (b). Scale bar: 1 µm.  Statistics for the total number of localizations per 
PALM experiment available in Table 1.2.. 
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Table 2.2 Number of localizations for PAINT and PALM experiments 
 
2.5 Conclusions 
In this chapter, we have demonstrated the enhancement of fluorescent protein (FP) 
emission upon coupling to the local surface plasmon resonance modes of gold NRs.  
Through single-molecule PAINT measurements, we have determined that the photon 
emission rate of mCherry FPs is more than doubled upon resonant coupling to the NR 
longitudinal mode.  Furthermore, through super-resolution imaging (PALM), we have 
measured the emission of 1.5 times more total photons from immobilized PAmCherry 
FPs coupled to gold NRs due to increased brightness and photostability.  Ultimately, the 
plasmon-enhancement of red FP emission improves the localization precisions of single-
molecule fits to 18 nm.  Interestingly, in our experiments, enhanced emission rates and 
improved localization precisions are not observed for mCitrine coupled to the weaker NR 
transverse mode, and indeed sometimes quenching is observed.  These results show that 
the emissivity of coupled FP-NR systems is strongly dependent on plasmon mode 
strength and on the excitation wavelength, and therefore, careful tuning of experimental 
conditions is needed for future imaging applications.     
FP Experiment type Excitation λ 
(nm) 
Total number of 
localizations 
mCherry PAINT 561 4533 
mCitrine PAINT 488 7285 
mCitrine PAINT 514 31043 
PAmCherry PALM 561 35514 
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Our work also highlights the utility of single-molecule super-resolution imaging for 
studying plasmonic coupling between FPs and NRs, as this experimental technique 
allows us to directly correlate enhanced emission with the NR position at the nanometer 
scale and observe the NRs behaving as optical antennas.  Because this antenna effect 
shifts the apparent emission position of coupled FPs away from the real dye location, 
further investigation is needed to decouple the apparent emission position from the actual 
dye position.  Our understanding of the near-field interaction of FPs and gold NRs in the 
context of single-molecule biological imaging would also be enhanced by measurements 
of single-molecule decay rates and spectra.  Still, the present experiments show that 
longer single FP trajectories are immediately attainable, that gold NRs show great 
promise for improving single-molecule imaging of FPs, and that plasmon-enhanced 
fluorescence is sufficiently robust to be realized in situations where precise control over 
fluorophore position and orientation is impossible, such as in biological imaging.    
2.6 Future directions 
We anticipate that plasmon-enhanced FP emission will find important applications in 
live-cell imaging, where enhanced photostabilities will lead to longer trajectories, and 
that brighter probes will increase the sensitivity of single-molecule measurements, 
allowing, for example, photobleaching steps and stoichiometries to be counted in vivo.  
Furthermore, colloidal NRs can be assembled on a microscope coverslip as an extended 
array of nanoparticles,
51-55
 creating an extracellular imaging substrate that could enhance 
emission from FP-labeled membrane-bound proteins inside live cells, as this geometry 
would naturally position membrane proteins in the plasmonic near-field (5-50 nm) where 
enhancement is possible.  Other substrate geometries that integrate bio-imaging and 
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nanoplasmonics have also been studied,
56,57
 highlighting the power of plasmonic 
substrates as external platforms for bio-imaging applications, and our observation of 
enhanced emission from plasmon-coupled FPs indicate that FPs can be improved in any 
of these achievable geometries.  Ultimately, the results of this chapter indicate that 
plasmonic substrates are advantageous for super-resolution imaging, and that plasmon-
enhanced fluorescence is a promising technique for improving resolution in live-cell 
single-molecule imaging. 
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Chapter 3 Imaging Plasmon-Enhanced Fluorescence from Single  
Membrane-Bound Proteins Inside Vibrio cholerae Cells
ǂ
 
 
ǂ This work was done in collaboration with Beth L. Haas, who developed cell growth protocols and who 
had previously characterized the TcpP virulence pathway for uncoupled cells. 
 
 
3.1 Introduction 
Bacteria play important roles in everyday life, ranging from beneficial functions like 
yogurt production
1
 and the support of human digestion
2
 to harmful effects like infection. 
Nonetheless, until recently, the biophysics of the subcellular machinery of these small 
organisms was something of a mystery. Their lack of inner membrane-bound organelles 
caused many to believe bacteria also lacked internal organization or any high-order 
complexity.
3
 Recent work, however, has revealed that bacteria have a very complex 
subcellular organization that exists in a controlled yet dynamic state, and that this 
organization is highly responsive to both internal and external perturbations.
3,4
 
Unfortunately, studying the complex inner workings of bacteria is difficult because these 
cells are very small: intracellular dynamics generally take place on a scale of tens of 
nanometers. Fluorescence microscopy is known to be compatible with live-cell imaging,
5
 
but conventional methods are limited to a scale of ~300 nm,
6
 and thus the small details of 
bacteria cells can be obscured by the diffraction of light. Electron microscopy offers 
higher resolution, but this high-vacuum technique requires invasive steps to prepare 
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samples for imaging, such as fixation, dehydration, and thin sectioning. These 
preparation steps are perturbative and can lead to sample artifacts, such as shrunken or 
altered structures.
7
 Additionally, because electron microscopy must be performed under 
vacuum, it is not compatible with live cells.
7,8
 
Beyond these difficulties localizing macromolecules on the cellular scale, the limited 
resolution of conventional fluorescence microscopy makes it difficult to accurately track 
single bacterial proteins or to observe pairs of proteins interacting. This limitation 
ultimately prevents accurate calculations of diffusion properties, and also precludes the 
accurate colocalization of proteins, both of which are important for characterizing the 
intracellular environment.
4,7,9
 
Single-molecule fluorescence (SMF) microscopy was developed to extend conventional 
microscopy down to resolutions much better than 300 nm.
6
 This technique takes 
advantage of the fact that a single emitter can be localized with a precision much better 
than the diffraction limit of light if a sufficient number of photons are collected. Indeed, 
in vitro implementations of SMF have yielded 1.5-nm localization precisions,
10
 and 
theoretically, there is no limit to the achievable resolution, provided that enough photons 
are detected.
7,11
 Therefore, to maximize resolution, the background noise must be 
minimized, while the photon output of the fluorophore must be maximized.
11
 
Additionally, to improve tracking, it is important to maximize the number of photons that 
can be collected per frame (i.e., per unit of time). In live bacteria, however, the number of 
detected photons is limited by higher background noise due to cellular autofluorescence, 
as well by as the fluorophores used for imaging—generally fluorescent proteins (FPs). 
FPs are widely used because they are genetically encodable, resulting in specific linkages 
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to cellular proteins, but they are also much dimmer and less photostable than organic 
dyes. Ultimately, fewer photons are detected from FP labels and the resolution for 
imaging single molecules inside live cells is currently limited to 10-40 nm.
12,13
 
Plasmon-enhanced fluorescence is therefore uniquely suited to improving the localization 
precision and tracking capabilities of SMF imaging. Coupling to the enhanced fields of 
resonantly excited NPs leads to brighter and more photostable fluorescent proteins,
14
 
improving achievable in vivo localization precisions and increasing average trajectory 
lengths. Furthermore, brighter fluorophores allow samples to be imaged with faster frame 
rates without sacrificing signal to background noise. 
The enhanced local field of a plasmonic nanoparticle decays rapidly as a function of 
distance from the nanoparticle surface, but strong enhancements have been observed for 
fluorophores within 50 nm of the nanoparticle.
15
 At very small distances (< 3 nm), 
fluorescence quenching can occur due to an increased non-radiative decay rate and 
electron transfer to the metal, and so, for in vitro experiments, an insulating spacer layer 
is often used to prevent quenching.
16,17
 In this Chapter, we have designed a plasmonic 
nanostructure-FP emitter sample geometry (Figure 3-1) where the bacterial cell envelope, 
which naturally houses the FP, serves as the insulating layer that separates an FP from 
direct contact with the gold nanoparticles. Here, bacterial cells containing FP-labeled 
membrane proteins
18
  are mounted on top of a coverslip patterned with nanostructured 
gold via one of two large surface area routes: preparation of gold nanoislands using 
thermal evaporation and annealing
19
 or patterning of a periodic nanotraingle array using 
nanosphere lithography (NSL).
20,21
 We choose gold for its biocompatibility and 
resistance to oxidation, and we prepared samples in the geometry described in Figure 3-1 
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because this naturally positions fluorescently labeled membrane proteins within the 
enhanced field about the nanoparticle.  
Specifically, we image proteins involved in regulating the human cholera disease inside 
the human pathogen Vibrio cholerae by preparing this bacterium on top of gold 
substrates. This Gram-negative bacterium has a cellular envelope that is approximately 
50 nm thick,
22
 and upon coupling V. cholerae cells to a plasmonic substrate, membrane-
bound proteins inside the cell will naturally be positioned in the substrate near-field. We 
image the inner membrane protein TcpP, which regulates virulence via the downstream 
activation of cholera toxin production
23,24
 and has been labeled with the photo-activatable 
protein PAmCherry, in live V. cholerae through super-resolution microscopy. After 
determining that the nanotriangle substrate is better suited to plasmon-enhanced single-
molecule imaging than the thermally evaporated nanoisland film, we observe a 1.3× 
enhancement in the rate of emission for TcpP-PAmCherry molecules in cells coupled to 
gold nanotriangle arrays.  
 
Figure 3-1. Cutaway view of V. cholerae cell on a plasmonic substrate. Because the cellular envelope is 
approximately 50 nm thick, the fluorescent protein label on the protein of interest, TcpP, can be enhanced 
by a nontoxic extracellular plasmonic substrate.  
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3.2 Experimental Methods 
3.2.1 Plasmonic substrates 
1.1.1.1 Gold nanoisland films 
Gold nanoisland films were prepared under vacuum (5×10
-6
 Torr; Denton Vacumm SJ-20 
evaporator) by thermal evaporation of 6 nm gold onto oxygen plasma-etched (10 min, 
200 mTorr; PlasmaEtch PE-50) glass coverslips. The coverslips were then annealed at 
400 
o
C for 10 min. Thin layers of gold (< 20 nm) deposited using evaporation are known 
to grow from nucleation points,
25
 and if no wetting layer is deposited prior to the gold, 
annealed films form small clusters (nanoislands) on the surface of the glass.
19
 After 
annealing, films exhibited a color change from blue to pink (Figure 3-2a), indicating the 
formation of nanoislands (Figure 3-2b). Gold nanoisland films were characterized by 
atomic force microscopy (AFM; Agilent PicoPlus 5500 Atomic Force Microscope). The 
AFM scans showed that the average nanoisland size was approximately 10-12 nm tall 
(Figure 3-2b). 
 
Figure 3-2. (a) Upon annealing gold films changed from blue (not shown) to pink, indicating the formation 
of nanoislands. (b) Tapping mode atomic force microscopy scan of annealed gold films revealed 
nanoislands 10-12 nm tall on average. Scale bar is 100 nm. 
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1.1.1.1 Gold nanotriangle arrays 
Glass coverslips were coated with 100 nm ITO by sputter deposition (Kurt J Lesker Lab 
18-1), then oxygen-plasma etched (10 min, 200 mTorr; PlasmaEtch PE-50). 750-nm 
polystyrene beads (Polyscience Polybead Microspheres) were centrifuged (10 min, 25
o
C, 
12,000×g) and resuspended in 1 mL of 95% ethanol after removal of the supernatant. The 
beads were again centrifuged and resuspended in fresh 95% ethanol. Beads were 
centrifuged one final time before the supernatant was removed and the beads were 
resuspended in a solution of 0.5 mL 95% ethanol and 0.5 mL 0.2mM sodium dodecyl 
sulfate (SDS). A 5-μL volume of the beads/SDS/ethanol mixture was pipetted onto the 
center of a clean, ITO-coated glass coverslip. The coverslip was held with forceps and 
gently shaken until the surface appeared opalescent, indicating that the beads had self-
assembled into a monolayer, forming a nanosphere mask.
20,21
 Coated coverslips were 
allowed to dry in air at room temperature overnight. 
A 5-nm titanium wetting layer was evaporated (deposition rate of 1 nm/s) onto the 
nanosphere-coated coverslip, followed by 50 nm of gold (deposition rate of 1 nm/s) under 
vacuum (1×10
-6
 Torr; Denton Vacuum SJ-20 evaporator). Clear office tape was used to 
remove the nanosphere mask, leaving behind a periodic array of nanoscale gold triangles. 
Scanning electron microscopy (Hitachi SU800) was used to verify the formation of gold 
nanotriangles (NTs) on the coverslip surface in an ordered array approximately 150 nm 
on a side.  
1.1.1.2 Plasmon resonance characterization 
The plasmon resonance spectrum of the gold nanoisland film was characterized using 
UV-visible absorption spectroscopy (Hewlett Packard 8453). Dark-field scattering 
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spectroscopy was used to characterize the spectral response of the gold nanotriangle (NT) 
arrays. For this application, the NT array was excited through a dark-field oil immersion 
objective (NA = 0.6) by a broadband halogen light source (400-1000 nm). The sample 
was immersed in water, and the diffraction-limited spot of a row of NTs was aligned to 
the entrance slit of an imaging spectrograph (Princeton Instruments Acton SP-2300i) and 
dispersed on a 150 groove/mm grating. Scattering spectra were collected on a 512x512 
pixel EMCCD (Andor iXon) detector. Background spectra taken from an area of the 
sample without the gold surface were subtracted from the measured NT scattering 
spectrum. The background-subtracted spectra were then divided by the detected spectrum 
of the halogen light source to correct for spectral efficiency of the system.  
3.2.2 Bacterial samples 
1.2.1.1 Bacterial cultures and sample preparation for live-cell imaging 
V. cholerae O395 ΔtcpP TcpP-PAmCherry bacterial cultures18 were grown overnight in 
LB media at 37 
o
C with shaking (180 rpm), then diluted into M9 minimal media with 
0.4% glycerol and an amino acid supplement (asparagine, arginine, glutamic acid, and 
serine, 25 mM final concentration) and grown to turbidity (OD ~0.3) at 30 
o
C. 
Kanamycin (50 μg/mL final concentration) was used to select for the TcpP-PAmCherry 
plasmid. Arabinose (0.1% final concentration) was added cultures to induce expression of 
the TcpP-PAmCherry fusion protein, and cultures were incubated for an additional three 
hours. A 1-mL aliquot of culture was centrifuged for 30 s at 30,000×g to form a cell 
pellet. The cell pellet was washed in 1 mL of warm M9, then centrifuged once more 
before resuspended in ~40 μL of the supernatant. A 2-μL droplet of concentrated, washed 
cells was pipetted onto an agarose pad (2% agarose dissolved in M9 and spread on to a 
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plasma-etched coverslip) before being placed on top of the plasmonic substrate (either 
gold nanoisland film or NT array), with the patterned side of coverslip facing the cells 
(Figure 3-3). Plasmonic substrates were prepare such that each had a region where no 
gold was present, which served as an “off-Au” control where cells would experience 
imaging conditions identical to cells in “on-Au” regions. 
 
Figure 3-3. Microscopy sample geometry. Side view is oriented for an inverted microscope setup (objective 
is below large, bottom coverslip).  
 
1.1.1.3 Bacterial fixation and sample preparation 
5-mL cultures of V. cholerae were centrifuged for 5 min at 4 
o
C and 4000 rpm to form a 
pellet. The supernatant was removed, and the cell pellet was resuspended in 5 mL of cold 
solution of 1% formaldehyde in M9. Cells were incubated at room temperature for 10 
min, then placed on ice for either 30 min or 60 min. Samples were then centrifuged for 15 
min at 4 
o
C and 7179×g. The supernatant was removed, and the pellet was resuspended in 
5 mL cold M9. Centrifugation and resuspension were repeated two more times for a total 
of three washes. Fixed cells were kept at 4 
o
C for no more than two days until use, at 
which time a 1-mL aliquot of fixed cells was centrifuged for 5 min at 7830 rpm, then 
pelleted cells were resuspended in ~40 μL supernatant. A 2-μL droplet of concentrated 
cells was placed on to an agarose pad (2% agarose dissolved in M9 and spread onto a 
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plasma-etched coverslip) before being placed on top of a NT array in a manner similar to 
that described above in Section 3.2.2.1. 
3.2.3 Super-resolution microscopy 
Bacteria samples were imaged at room temperature using a wide-field epifluorescence 
inverted microscope (Olympus IX71) equipped with a 100× oil immersion phase-contrast 
objective (NA = 1.4) and a micrometer stage. A piezo objective positioner (PIFOC 
PD72Z1CAQ) was used for precision focusing (1-nm closed-loop resolution). Single 
TcpP-PAmCherry molecules were photo-activated using short pulses (50-70 ms) of 
circularly polarized 405-nm laser light (Coherent Cube 405 and Tower Optical .250-405 
quarter waveplate, excitation power of 0.1025 W/mm
2
), and subsequently excited and 
imaged using filtered, circularly polarized 561-nm laser light (Coherent Sapphire 561-50, 
Semrock LL01-561, and Tower Optical .250-556 quarter waveplate, excitation power of 
2.68 W/mm
2
). The activation and excitation lasers were coupled using a dichroic mirror 
(Semrock Di01-R405), and the fluorescence emission was filtered with appropriate 
dichroic and emission filters (Semrock Di01-R561 and BLP01-561, respectively). A pair 
of shutters (Uniblitz) was used to control the laser beams such that the sample was 
exposed to one laser beam at a time. To image all of the TcpP-PAmCherry molecules one 
at a time, cells were exposed to cycles of 50-70 ms 405-nm activation pulses and 60-70 s 
of 561-nm imaging light over the course of 7-10 min of data collection per movie. 
Emission was detected on a 512×512 pixel Photometrics Evolve EMCCD (each pixel 
49×49 nm) using a 40-ms integration time (25 frames per second). Cellular positions 
were determined on gold nanoisland films using bright field imaging and phase-contrast 
imaging was used for determining cell positions on gold NT arrays. In bright-field 
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imaging, the sample is illuminated using white light and contrast in the sample is due to 
the absorbance of some of the transmitted light. In phase-contrast imaging, phase shifts in 
light passing through the sample are used to change brightness in the image and create 
contrast. 
3.2.4 Background fluorescence subtraction 
Background fluorescence due to gold scatter was subtracted from the raw data by 
subtracting the average of every 50-frame movie segment from each frame in the 50-
frame segment. Background-subtracted data were used for all further analysis.  
3.2.5 Data analysis 
Emission intensities, molecular positions and counts detected per frame were extracted 
from the data by least-squares fitting of background-subtracted signal intensity to a 2D 
Gaussian function with the MATLAB routine nlinfit. When mapping molecular positions 
in PAINT experiments, each observed adsorption event is plotted as a colored spot at the 
center position of the emission pattern, as determined by average localization precisions 
that were determined using the 95% confidence interval.  
3.3 Results and Discussion 
3.3.1 Gold nanoisland films 
UV-vis absorbance revealed that the gold nanoisland films have a plasmon resonance 
around 558 nm (Figure 3-4). Though the nanoisland films generally have a very broad 
plasmon resonance and good spectral overlap with the TcpP-PAmCherry excitation 
spectrum, which is similar in shape to mCherry with a peak wavelength at 564 nm,
26
 
several experimental issues made the films poor imaging substrates. First, under our 561-
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nm excitation, the films exhibited a very high background scattering signal that fluctuated 
significantly during imaging. We attributed these fluctuations to charge transfer between 
closely spaced nanoislands. This background led to incomplete background subtraction 
and made it impossible to distinguish between background fluctuations and single-
molecule fluorescence emission. Second, cells could not be observed in bright field on 
some films due to the density of nanoislands, making it impossible to confidently 
determine cell boundaries. Finally, because no wetting layer connected the gold 
nanoislands to the glass coverslip, gold easily flaked from the coverslip surface, making 
the samples very fragile and not reusable.  
 
Figure 3-4. UV-visible absorption spectrum of annealed gold nanoisland film overlayed with excitation and 
emission spectra of mCherry, which is representative of PAmCherry. Nanoisland films generally had very 
broad shape and resonance maxima near 558 nm. 
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3.3.2 Gold nanotriangle arrays 
SEM images verified the formation of gold NTs on the coverslip surface in an ordered 
array approximately 150 nm on a side (Figure 3-5). The periodic gold pattern was also 
visible using diffraction-limited phase-contrast microscopy (data not shown) and 
extended over the scale of several microns (Figure 3-6). Dark-field scattering 
measurements revealed a dominant plasmon resonance peak in the NT scattering 
spectrum around 600 nm, and additional resonances were observed at the red-edge of the 
spectrum (Figure 3-7). These modes are likely due to interactions between NTs in regions 
where imperfections in the polystyrene bead monolayer resulted in defects in the NT 
pattern.
20,21,27
  
 
 
Figure 3-5. Scanning electron micrograph of gold NT array made by nanosphere lithography. A monolayer 
of polystyrene beads with diameters of 750 nm was used as a mask through which 5 nm of Ti and 50 nm of 
Au were evaporated. Beads were removed using clear office tape, leaving behind an array of nanoscale 
triangles. Each NT is approximately 150 nm on a side. Scale bar is 1 μm. 
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Figure 3-6. Large field-of-view scanning electron micrograph of gold nanotriangles. The pattern extends 
over large areas of the coverslip, allowing sufficient room for imaging live V. cholerae cells. Areas of bow-
tie structures (two nanotriangles with touching tips) can also be seen in regions where defects in the perfect 
close-packed monolayer of polystyrene beads yielded an imperfect mask.27 Scale bar is 5 μm. 
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Figure 3-7. Dark-field scattering spectrum of gold nanotriangles overlayed on mCherry spectra. The 
dominant plasmon peak is observed near 600 nm and overlaps well with both the excitation and emission 
maxima for mCherry (which are representative of the PAmCherry spectra). Additional modes on the red-
edge of the spectrum are likely due to interactions between nanotriangles due to defects in the nanosphere 
mask. 
 
3.3.3 PAINT experiments on gold nanotriangle arrays 
To benchmark the potential for plasmon-enhanced fluorescence, PAINT (Points 
Accumulation for Imaging in Nanoscale Topography)
28
 experiments were done on the 
gold NT arrays using purified mCherry, in concentration and preparation similar to that 
described in Chapter 2.  As described previously, in the PAINT super-resolution method, 
the stochastic adsorption events of single fluorescent molecules on a substrate surface 
over time are visualized on an EMCCD detector as discrete punctate spots, whereas 
fluorophores freely diffusing in solution (i.e., those molecules not adsorbed onto the 
substrate surface) are invisible because their motion is too fast to be resolved by the 
EMCCD (operated at a 25-Hz frame rate). For our PAINT experiments, the NT substrates 
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were immersed in 75 – 100 µL of 175 nM FP in PBS contained by a small rubber O-ring 
previously cleaned by sonication in acetone.  
Figure 3-8 compares the photon detection rate of each adsorbing FP (in units of 
intensity/molecule/frame) for two populations: mCherry molecules adsorbed on glass 
(grey, subsequently referred to as “off-NT”) and mCherry molecules adsorb on the gold 
NT array (red, subsequently referred to as “on-NT”). The average photon detection rate 
for the on-NT population is 41,362 counts/molecule/40 ms, while the average photon 
detection rate for the off-NT population is 38,547 counts/molecule/40ms. In contrast to 
the results in Chapter 2, we do not observe a large net fluorescence enhancement in these 
samples, likely due to the fact that, whereas the nanorods in Chapter 2 were enveloped 
into a 6-nm polymer, no insulating separation is present to prevent FPs from making 
direct contact to the gold NTs in this geometry. Indeed, the average photon detection 
rates in Figure 3-8, as well as the ensemble distributions, look very similar for the two 
populations, though the on-NT population shows a slight tail of higher photon detection 
rates indicating a small group of significantly enhanced emitters (Figure 3-8, inset). 
However, when the apparent emission positions of all adsorbed fluorescent molecules are 
mapped out with sub-diffraction-limited resolution for the two populations (Figure 3-9), a 
very clear pattern emerges. In Figure 3-9, each observed adsorption event is plotted as a 
colored spot at the center position of the emission pattern. The dot color represents the 
intensity enhancement, which is determined by taking the emission intensity of the spot 
and dividing it by the average emission intensity of the off-NT population and is 
proportional to the photon detection rate for each molecule while it is adsorbed to the 
surface. Because of this equivalency, red spots (high intensity enhancement) represent 
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molecules with a high photon detection rate, while blue spots (low intensity 
enhancement) represent molecules with a low photon detection rate. In Figure 3-9a, the 
localizations of each adsorption event are plotted for the off-NT population, and a 
homogenous distribution of positions is observed, indicating spatial uniformity in the 
adsorption environment. In Figure 3-9b and 3-9c, the localizations of each adsorption 
event for the on-NT population are plotted. Heterogeneity in the adsorption positions is 
immediately apparent here. In Figure 3-9c, the adsorption positions are plotted on top of a 
diffraction-limited fluorescence image of the gold NT array in which white spots 
correspond to individual NTs. It is clear that the apparent emission positions are 
predominantly located along the NT edges and in the junctions between NTs. 
Interestingly, very few localizations are observed directly above the NTs, and those that 
are in fact observed at those positions are dim (blue).  
Despite the fact that the adsorption environment is uniform (Figure 3-9a), the 
localizations of single mChery molecules map a heterogeneous emission pattern on the 
NT substrates. These trends would be obscured in an ensemble average and this pattern 
highlights the strength of single-molecule fluorescence (SMF) imaging for studying 
plasmonic coupling. By scanning the local environment with individual molecules, we 
achieved a high-resolution picture of plasmon-coupled emission. The emission pattern of 
the on-NT population is similar to what has been observed by others using NT arrays for 
confocal imaging.
29
 As discussed previously, the dark-field scattering spectrum of the NT 
arrays (Figure 3-7) shows several plasmon resonances. Therefore, it is possible that the 
observed emission pattern is the result of a coupled system more complex than the 
isolated NRs studied in Chapter 2 or the nanoislands studied by Wertz et al.
14,30
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Figure 3-8. Histogram comparing the photon detection rates for mCherry molecules adsorbing on a Au 
nanotriangle array (on NT; red) and on a glass coverslip (off NT; grey). Average photon detection rates for 
the two populations are very similar (on NT = 41,362 counts/molecule/40 ms; off NT = 39, 547 
counts/molecule/40 ms), though a slight tail at higher photon detection rates is seen for the on NT 
population (inset).  
 
 71 
 
 
Figure 3-9. Super-resolution maps of apparent emission positions. Each dot shows the in-plane localization 
position of an mCherry adsorption event, and the color of the dot represents the intensity enhancement of 
each adsorption event. Because the intensity enhancement is proportional to the number of photons 
detected, red spots represent molecules with high photon detection rates, while blue spots represent 
molecules with low photon detection rates. (a) shows mCherry molecules off NT arrays, (b) and (c) show 
mCherry molecules on NT arrays. Scale bars are all 1 μm. 
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3.3.4 Plasmonic-enhancement of membrane-bound proteins in live Vibrio cholerae  
Live V. cholerae cells were prepared on top of gold NT arrays for imaging, as described 
above. Figure 3-10a and 3-10b shows the phase-contrast image and fluorescence image, 
respectively, of the same two V. cholerae cells on a gold NT array. Single-molecule 
localizations are mapped on top of the fluorescence image in Figure 3-10b using the same 
color map described for the PAINT experiments (Figure 3-9). Figure 3-10c shows a 
zoomed-in view of the cell outlined by the red dashed box in Figures 3-10a and 3-10b. 
From Figure 3-10c, it is clear that the majority of the TcpP-PAmCherry localizations 
occur near the NT edges and that the brightest emission events (orange spots) appear to 
emanate from the junctions between the NTs, similar to what was observed in vitro with 
mCherry (Figure 3-9c). The similarities in the in vitro and in vivo localization patterns are 
particularly interesting because the in vitro experiments measured mCherry molecules 
adsorbing directly on the NT substrate while in vivo, the PAmCherry molecules diffuse 
inside the cell envelope in a plane above the NT arrays (Figure 3-1). Importantly, this 
similarity between the two experiments indicates that, though there is a finite (~20-nm) 
gap between the PAmCherry labels and the NT substrates, PAmCherry does still 
experience strong coupling to the plasmonic substrate. Additionally, localizations span 
the length of the cell, suggesting that a protein moving throughout the membrane has a 
high probability of diffusing through the enhanced field of a NT and as a result 
experiencing increased photon emission. 
In Figure 3-11, the emission intensities coming from PAmCherry in cells on gold NT 
arrays are compared with the emission intensities from PAmCherry emanating from 
within cells on bare glass coverslip. A higher average photon detection rate is observed 
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for the population on gold NTs: 29,398 counts/molecule/40 ms compared to 21,945 
counts/molecule/40 ms for the off-NT population. Importantly, this average enhancement 
is attributed to a second distribution in the histogram for the on-NT population: in 
addition to a distribution of emission intensities centered about 15,500 detected 
counts/molecule/40 ms (similar to the off-NT population), a second distribution of 
emission intensities around 50,000 counts/molecule/40 ms is present on-NT (Figure 3-
11). This shoulder in the histogram represents a group of molecules that are optimally 
positioned within the NT enhanced field and are therefore maximally enhanced.  
 
 
Figure 3-10.Images of live Vibrio cholerae on gold NT arrays. (a) Phase-contrast and (b) fluorescence 
images of the same two cells on NT arrays. The hexagonal NT array pattern can be seen in both images, 
and individual NTs are visible as bright punctate spots in (b). Cells appear as dark curved shapes in (a). 
Single-molecule localizations of TcpP-PAmCherry molecules are plotted as colored dots in (b). Color is 
correlated with photon detection rate: orange spots have high photon detection rates and blue spots have 
low photon detection rates. Scale bars are 4 μm. (c) shows a zoomed view of the fluorescence image with 
single-molecule localizations in cell outlined in red box in (a) and (b). 
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Figure 3-11. Histogram comparing the photon detection rates of membrane-bound TcpP-PAmCherry 
molecules inside live Vibrio cholerae cells on a gold nanotriangle array (red) and on a glass coverslip 
(grey). The cells on the gold nanotriangle array show a TcpP-PAmCherry photon detection rate that is 1.3× 
that of the off nanotriangle cells. A second distribution appears as a shoulder in the histogram, beginning 
around 50,000 counts/molecule/frame. This second distribution represents those TcpP-PAmCherry 
molecules that are optimally positioned within the nanotriangle near-field and show the upper-limit of 
achievable enhancement.  
 
3.3.5 Plasmonic-enhancement of membrane-bound proteins in fixed Vibrio 
cholerae 
Whereas the emission rate of PAmCherry was measured in vivo on a per-frame basis 
above, fixed V. cholerae cells containing TcpP-PAmCherry can provide a sample of 
stationary, photoactivatable fluorescent molecules inside cells for determining the total 
photons emitted by immobile membrane-proteins on gold NT substrates. Coupling to 
plasmonic substrates has been shown to increase the photostability of immobilized 
PAmCherry molecules in vitro,
14
 and so, we aimed to measure a similar enhancement in 
vivo. Unfortunately, even after fixation, many fluorescent molecules appeared to diffuse 
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throughout the cells. The fixation protocol was changed, replacing methanol with 
formaldehyde due to suggestions found in literature,
31
 but diffusion was still observed. 
The fixation protocol was further altered by increasing the time cultures were chilled in 
fixation solution from 30 min to 60 min. Qualitatively, the cells that were chilled for 60 
min appeared to have more immobile spots, though some diffusive molecules were still 
observed. This fixation protocol needs to be further improved more before firm 
conclusions can be drawn from the data. 
3.4 Conclusion and Future Directions 
In this Chapter, we have developed a protocol for using patterned gold substrates to 
achieve plasmon-enhanced emission in live V. cholerae cells. We found that gold NT 
arrays, made using nanosphere lithography, are much better suited for SMF imaging than 
gold nanoisland substrates made through thermal evaporation and annealing, in particular 
due to a more consistent background scattering signal. We observed a 1.3× enhancement 
in the rate of emission for TcpP-PAmCherry molecules inside live V. cholerae cells on 
gold NTs. To date, there have only been a few examples of coupling biological sample to 
plasmonic substrates and these studies have mostly focused on model membranes or 
eukaryotic cells,
32-36
 and have mainly relied on silver substrates, 
33-35
 which are toxic to 
bacterial cells. Importantly, this chapter describes the first observation of plasmon-
enhanced fluorescence inside live bacterial cells and provides a foundational protocol for 
developing this technique for improved in vivo SMF imaging.  
Further studies are needed to develop plasmon-enhanced fluorescence as a ubiquitous 
technique for improved SMF imaging. Additional experiments with live cells will allow 
us to further optimize imaging conditions such that maximum photon detection rates and 
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trajectory lengths are observed. Additional experiments with fixed cells are equally 
important, as these will allow us to quantify any observed photostability enhancements 
and to determine the maximum trajectory lengths attainable in tracking experiments. A 
systematic study of increased chill times for cultures in the fixation solution will be an 
important step in optimizing the fixation protocol and ensuring sufficient immobilization 
of molecules for photostability studies. 
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Chapter 4 Studies of Polarization-Dependent Coupling Between Single Fluorescent 
Molecules and Gold Nanorods
ǂ
 
 
ǂ This work was done in collaboration with Ben Isaacoff, who calculated the electric field intensities for the 
gold NRs and helped design experiments described in future directions. 
 
4.1 Introduction 
The beneficial properties of the localized surface plasmon resonances (LSPRs) of metal 
nanoparticles have been applied to the design of nanoscale devices, including imaging 
substrates, light emitting diodes, spectroscopy, bio-sensors, and solar cells.
1-7
 Still, the 
tunability and performance of all these devices would benefit from an improved 
understanding of the polarization-dependent response of anisotropic nanoparticles 
(ANPs). The efficiency with which the LSPR of an ANP is excited depends on the 
polarization of the incident light source, and therefore, the photoluminescence collected 
from ANPs can reveal the particle orientation with respect to the excitation electric field. 
Previous work has taken advantage of this fact and used ANPs as nanoscale orientation 
sensors with very good photostability and localization precision
8,9
 for both in vitro
10
 and 
in vivo imaging applications.
11
 The polarization-dependent response of ANPs has also 
been utilized for studying coupled ANP-fluorophore systems. In these systems, a 
fluorophore, or dipole emitter, is placed in the near field of a resonantly excited metallic 
nanoparticle where it can electromagnetically couple to the plasmon mode of the ANP.
8
 
The plasmon mode, or collective oscillation of free electrons, can modify the emission of 
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the fluorophore, and previous studies of coupled ANP-fluorophore systems have shown 
that the plasmon-coupled emission carries both the direction and polarization of the 
ANP.
8,12
 Additionally, the excitation of a fluorophore can be enhanced by coupling to 
metallic ANPs, as the plasmon mode causes light to focus in the ANP near field and 
increases incident power felt by the fluorophore.
13
  
Nanorods (NRs), one of the simplest ANPs, support two plasmon modes: the transverse 
mode, which is polarized along the rod short axis, and the longitudinal mode, which is 
polarized along the rod long axis. Exciting the nanorod with light polarized along one 
axis will selectively excite the corresponding LSPR mode. 
8,14
 This can be seen in Figure 
4-1 where finite-difference time-domain (FDTD) electromagnetic calculations have been 
used to determine the local field enhancement near a NR with an aspect ratio (NR length 
divided by NR width) of 3:1 after excitation with wide-field broadband illumination at 
two orthogonal polarizations. Coupled emission from a NR-fluorophore system will 
consequently be polarized along whichever NR axis is selectively excited and can 
therefore provide nanoscale-sensing capabilities. These sensing capabilities could be used 
for studying in vivo cellular environments and dynamics
11
 or nanoscale control of the 
emission properties, such as brightness and stability, of the coupled fluorophore.
8,15
 
Previous work has also shown that the fluorescence enhancement factor, or the ratio 
between fluorescence intensities corresponding to excitation polarizations parallel and 
perpendicular to the NR long axis, for coupled fluorophores can be manipulated and 
increased as the longitudinal plasmon mode of the NR is tuned to more closely match the 
laser excitation wavelength, and that the spectral shape of the fluorophore emission can 
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be influenced, such that coupled dyes preferentially emit at the NR longitudinal 
resonance wavelength.
12
  
 
Figure 4-1. Finite-difference time-domain (FDTD) electromagnetic calculations of the local near field 
around a 3:1 aspect ratio Au NR excited by broadband light with two orthogonal polarizations (white 
arrows) and detected at 756 nm (a) and 516 nm (b). Colorbar is logarithmic, scale bar = 25 nm. Field map 
calculated by Ben Isaacoff with Lumerical software. 
 
Though polarized emission in coupled ANP-fluorophore systems has been studied in 
ensemble measurements,
8,12,15
 the phenomenon has only begun to be explored at the 
single-molecule level.
14,16
 Previous polarization-resolved single-particle studies have 
informed on the local heterogeneity of a broad NP population,
14
 while dark field 
scattering spectra
14
 and photothermal imaging
9
 have revealed the orientation of single 
NRs. There are many more avenues to explore at the level of single dye molecules 
coupling to individual ANPs, and developing a complete understanding of how 
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polarization affects coupling between fluorescent molecules and ANPs will increase 
tunability and control for applications in single-molecule sensing, catalysis, spectroscopy, 
and imaging.  
In this Chapter, we use Au NRs, a specific case of ANPs, to study the emission from two 
dyes, mCherry (emission maximum at 610 nm) and Cy5.5 (emission maximum at 700 
nm), whose emission overlap spectrally with the longitudinal plasmon resonance of 112 
nm x 53 nm (“2:1”) or 77 nm x 25 nm (“3:1”) Au NRs, respectively. The longitudinal 
mode of the 2:1 NRs is centered at 620 nm, and the longitudinal mode of the 3:1 NRs is 
centered at 710 nm. To probe the polarization sensitivity of the plasmon-coupled 
fluorescence in these systems, we rotate the polarization angle of linearly polarized light 
resonant with the NR longitudinal plasmon mode and use single fluorescent molecules as 
reporters of this selective excitation through stochastic adsorption/desorption 
experiments.
17,18
 We show polarization-dependent plasmon-enhanced emission of single 
Cy5.5 dyes. The maximum fluorescence enhancement, a 1.6-fold increase in the number 
of counts observed per coupled molecule per frame, is observed when the excitation 
polarization direction is aligned with the NR longitudinal axis. These results demonstrate 
our ability to selectively excite a single NR with specific orientation, and ultimately to 
control the amount of emission enhancement observed. The work in this Chapter on 
polarization-dependent excitation of coupled dye/NR systems develops the fundamental 
methods that will be needed to improve general SM detection schemes using polarization, 
and provides the foundation for future studies of the polarization-dependent emission of 
single-molecule/single-NR systems, an extension that is discussed at the end of this 
Chapter. 
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4.2 Experimental Methods 
4.2.1 Cy5.5 and mCherry solutions 
Solutions of Cy5.5 NHS ester (Lumiprobe) were prepared in DDI water to a 
concentration of 54 nM. Solutions of mCherry, made from reconstituted purified proteins 
(BioVision, Inc.), were prepared in pH 7.4 phosphate buffered saline (PBS, BioExpress 
Tablets, Biotechnology grade) to a concentration of 175 nM. 
4.2.2 Gold nanorod substrates  
Glass microscope coverslips were etched in an O2-plasma (200 mTorr, 10 min; PE-50, 
Plasma Etch Inc.). Gold nanorods (NRs) with length 112 nm and radius 53 nm or length 
77 nm and radius 25 nm (2:1 or 3:1 NRs, respectively) were purchased from Nanopartz 
Inc. (Loveland, CO) and used as received. As described previously,
18
 gold NR substrates 
were prepared using a spin-assisted layer-by-layer technique:
19
 films of positively 
charged poly(diallyldimethyl ammonium chloride) polyelectrolyte solution (PDADMAC, 
Sigma Aldrich) and negatively charged poly(sodium 4-styrene) polyelectrolyte solution 
(PSS, Sigma Aldrich) were used to immobilize 3:1 (for Cy 5.5 experiments) and 2:1 (for 
mCherry experiments) NRs to the surface of the glass coverslips. Polyelectrolyte 
solutions (20% by weight in water) were diluted in DDI water to 20 mM (calculated 
using monomeric weights). Dilute PDADMAC was spun onto the cleaned coverslips 
(300 µL, 15 s, 4000 rpm), then washed three times with DDI water. A mixture of NRs 
and dilute PSS was then spun onto the coated coverslip (150 µL NRs, 150 µL PSS, 15 s, 
4000 rpm), and cleaned with three DDI water washes.  
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4.2.3 Dark-field scattering spectroscopy 
NR substrates for dark-field experiments were prepared on O2-plasma cleaned glass 
coverslips as described above. A broadband halogen light source (400 – 1000 nm) was 
used to excite the sample through a dark-field condenser, which was aligned using a 10x 
objective and a scratched glass coverslip, and scattered light was collected in an Olympus 
IX71 inverted microscope equipped with a dark-field oil-immersion objective (NA = 
0.6). NR substrates were immersed in water and covered by a microscope slide. The 
diffraction-limited image of a single NR was aligned to the entrance slit of an imaging 
spectrograph (Acton SP-2300i, Princeton Instruments) and dispersed by a 150 g/mm 
grating. Spectral data was collected with an EMCCD (Andor iXon). Background spectra 
(collected from nearby positions with no NR image on the entrance slit) were subtracted 
from measured spectra, and all data were divided by the broadband spectrum of the 
halogen light source to correct for the system spectral efficiency.  
4.2.4 Determining the orientation of isolated NRs 
For each experiment, NR fluorescence in the absence of any added fluorophores was 
initially collected as the half-wave plate was rotated at a constant velocity of 20 deg/s 
(Figures 4-2a and 4-2b). The longitudinal mode of a single gold NR will be most 
efficiently excited when the excitation polarization is aligned along the NR long axis.
9,14
 
The fluorescence intensity response of a single NR will therefore have the form 
             
        (1) 
where   is the polarization angle and q is the NR orientation with respect to the 
laboratory frame.
9,14
 An aggregate of multiple NRs, on the other hand, will not have two 
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orthogonal axes of symmetry, and thus will not have a fluorescence intensity response in 
the form of Equation (1). The characterization of diffraction-limited NR 
photoluminescence as a function of excitation polarization can therefore be used to 
identify isolated, single NRs despite the fact that single NRs and small NR aggregates are 
indistinguishable in standard light microscopy due to the diffraction limit of light. Khatua 
et al. used Lorentzian fits of the NR emission line shape to confirm that observed 
diffraction-limited spots arose from single NRs,
20
 but this method requires a spectrometer 
whereas an intensity-based characterization is directly accessible in all imaging systems.  
Thus, in this Chapter, we identify single NRs by their cosine-squared intensity response, 
and only such single NRs are used in all subsequent analysis. Figures 4-2a and 4-2b show 
the mean fluorescence intensity per frame (green line) as a function of frame number for 
two NRs (with 3:1 and 2:1 aspect ratio, respectively). For each NR identified as an 
isolated single NR based on a good fit (e.g., R
2
=0.97780 in Figure 4-2a, R
2
=0.9355 and 
in Figure 4-2b) to equation (1) above, this scattering intensity vs. polarization angle 
measurement is repeated with finer polarization angle spacing (10
o
 intervals between 0
o
 
and −90o for the 3:1 NR in Figure 4-3a and between 0o and −180 o for the 2:1 NR in 
Figure 4-3b) to precisely determine the NR orientation. The NR in Figure 4-3a, for 
example, is aligned along the laboratory-frame axis of 17
 o
, and the NR in Figure 4-3b is 
aligned along the laboratory-frame axis of 13
o
.  
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Figure 4-2. (a) Single 3:1 NR and (b) single 2:1 NR mean photoluminescence intensity per imaging frame 
(green lines) as a function of frame number (40 ms/frame). Data is fit (blue lines) to a cosine-squared 
function to prove that the fluorescence is truly originating from an isolated NR. Excitation wavelength = 
640 nm in (a), excitation wavelength = 561 nm in (b). 
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Figure 4-3. Mean fluorescence intensity per imaging frame (red circles) for the same single 3:1 (a) and 
single 2:1 (b) NR measured in Figure 2(a) and 2(b), respectively. Measurements are fit to Equation (1) 
(blue line) to determine precise NR orientation. Excitation wavelength = 640 nm in (a), excitation 
wavelength = 561 nm in (b). 
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4.2.5 PAINT Imaging of Cy5.5 and mCherry on nanorods 
As described in Chapter 2, the PAINT super-resolution method (Points Accumulation for 
Imaging in Nanoscale Topography)
17
 was used to study the coupling of the fluorophores 
and NRs. Briefly, in these PAINT experiments, the NR substrate was immersed in a 
fluorophore solution, from which fluorophore molecules can stochastically adsorb on and 
desorb from the surface over time. Fluorophores that adsorb to the substrate surface are 
visualized on the EMCCD detector as discrete punctate spots, whereas fluorophores 
freely diffusing in solution (i.e., those molecules not adsorbed onto the substrate surface) 
are invisible because their motion is too fast to be resolved by the EMCCD (operated at a 
25-Hz frame rate). For our PAINT experiments, the NR substrates (isolated NRs 
immobilized on a glass coverslip in PSS) were immersed in 75 – 100 µL of 54 nM Cy5.5 
in water or 175 nM FP in PBS contained by a small rubber O-ring previously cleaned by 
sonication in acetone.  
Figure 4-4 shows a schematic of the experimental setup used for PAINT experiments. For 
linearly polarized excitation experiments, single Cy5.5 molecules were excited with 
linearly polarized 640-nm laser light (Coherent Cube 640-40C and Thorlabs 400 nm – 
800 nm achromatic half-wave plate) and single mCherry molecules were excited with 
linearly polarized 561-nm laser light (Coherent Sapphire 561-50 and Thorlabs 400 nm – 
800 nm achromatic half-wave plate). The linear polarization was rotated with an 
achromatic half-wave plate (Thorlabs AHWP10M 400 nm – 800 nm) mounted in a 
motorized precision rotation mount and controlled by a T-Cube DC servo motor 
controller (Thorlabs) (Figure 4-4a). In benchmarking experiments, single Cy5.5 
molecules were excited with circularly polarized 640-nm laser light (Coherent Cube 640-
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40C and Tower Optical 0.25-633 quarter-wave plate). In all of these single-molecule 
fluorescence experiments, fluorescent emission was detected in a wide-field 
epifluorescence microscope (Olympus IX71) equipped with a 1.40-NA 100× oil-
immersion objective. Emission was filtered appropriately (Semrock Di01-R635/BLP01-
535 or Di01-R561/BLP01-561R for Cy5.5 or mCherry, respectively) to maximize signal 
transmission and minimize scattered laser light, then imaged on a 512×512 pixel Andor 
iXon EMCCD at 25 Hz for 5 – 7 minutes (Figure 4-4b). The constant photoluminescence 
signal of the gold nanorods was subtracted using the average intensity of 50-frame 
segments prior to image processing. Emission intensities, molecular positions and counts 
detected per frame were extracted from the data by least-squares fitting of background-
subtracted signal intensity to a 2D Gaussian function with the MATLAB routine nlinfit.  
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Figure 4-4. Schematic of linearly polarized excitation PAINT microscopy experiments. (a) A linear 
polarizer selects a single polarization from the circularly polarized laser output, and an excitation filter 
ensures a narrow excitation bandwidth. The laser light is passed through a half-wave plate, which rotates 
the linearly polarized light The diagonal arrow after the half-wave plate indicates the rotation of the linear 
polarization of the 640-nm laser excitation source. A telescope expands the beam to fill the objective back 
aperture. (b) Collimated incident light (light red) excites the sample, contained by a rubber O-ring, and 
emitted light (dark red) is collected by the same objective before being appropriately filtered and imaged on 
the EMCCD. Figure adapted from Beth Haas. 
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4.3 Results and Discussion 
4.3.1 Spectral properties of fluorophores and gold nanorods 
Gold NRs (Nanopartz Inc.) were used as received and immobilized (see Experimental 
Methods 4.2.2) in polyelectrolyte films on the surface of glass coverslips.
19
 The NR 
scattering spectra were collected by dark-field spectroscopy; representative single-NR 
scattering spectra are shown in Figures 4-5 and 4-6 for the 3:1 NRs (navy blue curve) and 
the 2:1 NRs (royal blue curve), respectively. Both sizes of NR show two peaks in the 
scattering spectrum, reflecting the nanorod anisotropy. The bluer peak corresponds to the 
transverse LSPR mode, while the redder peak corresponds to the longitudinal LSPR 
mode.
21
 The fluorescence excitation (dashed line) and emission (solid line) of the 
relevant fluorophore is shown alongside the NR scattering spectrum in each of these 
figures. In Figure 5, the emission of Cy5.5 (excitation wavelength: 640 nm) overlaps very 
well with the longitudinal plasmon mode peak of the 3:1 NR, centered at 713 nm, and 
there is no overlap of either the excitation or emission of Cy5.5 with the transverse mode, 
centered at 565 nm. Figure 4-6 shows that the mCherry emission (excitation wavelength: 
561 nm) overlaps with the 2:1 NR longitudinal plasmon mode, centered at 620 nm. In 
both of these cases, the fluorophore emission is therefore expected to couple to the 
longitudinal mode of the respective NR 
Interestingly, in contrast to Cy5.5, the excitation of mCherry also overlaps with the 
transverse mode of the 2:1 rod, centered at 546 nm. Because the plasmon modes of the 
2:1 NRs are not well separated, the laser excitation wavelength at 561 nm excites the 
system on the red-edge of the transverse mode and the blue-edge of the longitudinal 
mode, making it unclear exactly which mode is most efficiently excited. Thus, in the case 
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of mCherry, separating the effects of plasmon-coupled excitation from the effects of 
plasmon-coupled emission is difficult. 
 
 
Figure 4-5. Dark-field scattering spectra of 77 nm x 25 nm gold NRs (navy) and fluorescence excitation 
(dashed red) and emission (solid red) spectra of Cy5.5. Fluorescence emission measured with 640-nm 
excitation (red arrow). All spectra collected in water. 
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Figure 4-6. Dark-field scattering spectra of 112 nm x 53 nm gold NRs (blue) and fluorescence excitation 
(dashed pink) and emission (solid pink) spectra of mCherry. Fluorescence emission measured with 561-nm 
excitation (green arrow). NR spectrum collected in water, mCherry spectra collected in PBS buffer (pH = 
7.4). 
 
4.3.2 PAINT detection of fluorophore-nanorod coupling using circularly polarized 
excitation 
Prior to studying the polarization-dependent response of fluorophore-NR systems, 
PAINT experiments using circularly polarized light were done to measure the 
enhancement due to coupling fluorophores to resonantly excited plasmonic nanoparticles 
when all fluorophores in the system are excited equally regardless of orientation. 
 PAINT experiments studying the coupling between mCherry and 2:1 NRs were 
discussed previously (Chapter 2); in those experiments an average enhancement of 2.1× 
was observed for coupled mCherry molecules.
18
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Here, we studied the coupling of Cy5.5 molecules and 3:1 NRs using the PAINT 
technique and circularly polarized excitation light. A Cy5.5 dye solution was added 
above the 3:1 NRs sample (see Methods, Section 4.2.5) and the fluorescence emission of 
adsorbing dye molecules was recorded. The rate of adsorption was minimized by 
maintaining a low concentration of fluorophores in solution (75 – 100 μM); this low 
probability of adsorption ensured spatially isolated single-molecule detection events. 
Each adsorbed molecule that was detected on the EMCCD as a punctate spot was fit 
using a super-resolution algorithm to determine the position and intensity of emission. A 
5 × 5 pixel (245 nm × 245 nm) region of interest centered about the NR (identified from a 
fit to the diffraction-limited NR scattering image) was designated the “on-NR” region, 
which encompasses the NR near-field in which region fluorophores are strongly coupled 
to the resonantly enhanced local field (Figure 4-7a). By separating emission spots with a 
center position inside the 5x5 pixel “on-NR” region to emission events outside the region 
(“off-NR”), the emission of fluorophores adsorbing in this 5 x 5 pixel region was 
compared to the emission of fluorophores adsorbing elsewhere on the sample to 
determine the observed enhancement. 
Figure 4-7b compares the fluorescence rates (intensity/molecule/frame) of Cy5.5 
molecules “on NR” (red) to that of Cy5.5 molecules “off NR” (black). The “on NR” 
molecules have an average fluorescence rate of approximately 80,000 
counts/molecule/frame, while “off NR” molecules have an average fluorescence rate of 
approximately 23,000 counts/molecule/frame. The molecules in the “on NR” region, 
which encompasses the NR near-field in which region fluorophores are strongly coupled 
to the resonantly enhanced local field coupled population, therefore shows an average 
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emission enhancement of 3.5× the rate of fluorescence when compared to the uncoupled 
population, demonstrating that coupling to the NRs results in brighter molecules.  
 
 
Figure 4-7. (a) Cartoon showing the “on-NR” and “off-NR” regions. (b) Comparison of single-molecule 
fluorescence for Cy5.5 molecules on a gold NR (red) and off a gold NR (black). The average rate of 
fluorescence for the on NR population is 79,893 counts/molecule/frame. The average rate of fluorescence 
for the off NR population is 22,965 counts/molecule/frame. 640-nm laser excitation.  
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4.3.3 PAINT detection of Cy5.5-3:1 NR coupling using linearly polarized 
excitation 
After the precise orientation of each 3:1 NR was determined, a Cy5.5 dye solution was 
added above the sample and the fluorescence emission of adsorbing dye molecules was 
recorded in a PAINT experiment, as described above, with the excitation polarizations at 
0
o
, 90
o
, 180
o
, 270
o
, and 360
o
. To determine the fluorescence enhancement of single Cy5.5 
molecules coupled to the gold NR, the average intensity per molecule per frame for all 
molecules localized in the on-NR region was divided by the average intensity per 
molecule per frame of the off-NR population. In Figure 4-8, we see the greatest 
enhancement at 0
o
, 180
o
, and 360
o
. At these angles, the excitation polarization direction 
approximately coincides with the longitudinal NR axis (blue dashed line in Figure 4-8). 
Furthermore, we detect essentially no enhanced fluorescence (enhancement factor ≈ 1) at 
angles orthogonal to the NR longitudinal axis (i.e., 90
o
 and 270
 o
). Thus, we conclude that 
the emission from Cy5.5 molecules near gold NRs is maximally enhanced when the 
excitation source polarization is in the direction of the NR longitudinal axis, whose 
plasmon resonance is spectrally matched to the Cy5.5 emission spectrum. In these 
PAINT experiments, Cy 5.5 molecules are used as reporters of their environment and 
monitor the excitation efficiency of the plasmon mode: when the longitudinal mode is 
efficiently excited by the proper linear polarization, enhancement is maximized for 
coupled fluorescent molecules. These results show that we can efficiently and selectively 
excite the longitudinal mode of the gold NR, and in doing so, control the amount of 
plasmon-enhanced emission observed. These results have direct implications for work 
studying biological samples where the concentrations of biological analytes are often too 
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high for SM detection.
22
 Utilizing the selectivity and control offered by polarization-
dependent plasmon-enhanced emission could offer a way to control or reduce the number 
of molecules observed in an excitation volume to a level appropriate for SM detection.  
 
 
 
Figure 4-8. Fluorescence enhancement of Cy 5.5 molecules as a function of excitation polarization angle 
(red line). The longitudinal NR axis was determined in Figure 6 to be oriented at 174o (blue dashed line). 
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4.3.4 PAINT detection of mCherry-2:1 NR coupling using linearly polarized 
excitation 
Similar PAINT experiments were done exciting the fluorescent protein mCherry near a 
2:1 gold NR whose long axis lies along the laboratory-frame axis of 13
o
 with linearly 
polarized light at angles of 0
o
, 90
o
, 180
o
, and 270
o
. In contrast to the results in Figure 4-8 
for Cy5.5, in Figure 4-9, we observe maximum emission enhancement at 90
o
 and 270
o
 
and minimal emission enhancement at 0
o
 and 180
o
. We can see from Figure 4-3b that the 
NR used for the experiment has a cosine-squared fluorescence intensity response, and so, 
is indeed an isolated NR. Figure 4-9, however, suggests there is maximum emission 
enhancement, and consequently maximum coupling, at angles orthogonal to the 
longitudinal axis of the NR. We believe at this time that the experiments are not 
optimized, and so, we make no strong claims in this Chapter about the results or the 
mechanism.  
However, these results are surprising because as shown previously in Chapter 2, and in 
work by Fu et al.,
23
 the emission rate of mCherry can be easily enhanced by coupling to 
2:1 gold NRs when excited using circularly polarized light. If all angles from the linearly 
polarized excitation experiments are collapsed into two histograms, one for the on-NR 
population and one for the off-NR, we can see a small enhancement for the mCherry 
emission rate of the on-NR population (Figure 4-10, the on-NR population has an 
emission rate that is 1.3× that of the off-NR population), but it is different from the 
enhancement observed in Chapter 2. This result is interesting because it suggests there is 
something fundamentally different when the system is selectively excited using linearly 
polarization. One possible explanation is the longitudinal and transverse modes are highly 
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coupled and in experiments where circular polarization is used to excited the system we 
are observing enhancement due to coupling to both modes.  
 
 
Figure 4-9. Fluorescence enhancement of mCherry molecules as a function of excitation polarization angle 
(pink line). The longitudinal axis of the rod is shown (blue dashed line), as determined in Figure 4-3b. 
 101 
 
 
Figure 4-10. Histograms comparing the photon detection rates for all angles in linear excitation 
experiments. The (a) on-NR population has an average photon detection rate of 53,431 
counts/molecule/frame while the (b) off-NR population has an average photon detection rate of 42,693 
counts/molecule/frame. 
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4.4 Conclusions and Future Directions 
In this Chapter, we have demonstrated the ability to selectively excite the longitudinal 
mode of gold NRs, and consequently we are able to control the amount of plasmon-
enhanced emission observed from coupled Cy5.5 molecules. These results highlight our 
ability to control the emission properties of coupled molecules on the nanoscale and are 
an important first step in developing applications that utilize the polarization-dependent 
response of anisotropic nanoparticles. 
As mentioned above, the mCherry-2:1 NR experiments must be optimized for future 
experiments in order to definitively assign a coupling mechanism and understand the 
anomalous results shown in this chapter. Additionally, future work on this project will be 
focused on designing and conducting experiments that monitor emission as a function of 
polarization. For these experiments, a linear polarizer will be placed after the microscope 
and before the EMCCD, allowing the polarization angle of emission detection to be 
rotated. By exciting fluorophore-NR systems with circularly polarized light (Figure 4-11) 
and monitoring the emission as a function of polarization, we will gain an understanding 
of the efficiency of coupling of the Cy5.5 molecules to the plasmon mode. If linearly 
polarized excitation is used (Figure 4-12), we will be able to understand the efficiency of 
energy transfer to the plasmon mode, as well as monitor the energy transfer between the 
two plasmon modes if the appropriate excitation wavelength and fluorophores are used. 
For example, exciting the Cy5.5/3:1 NR system at the transverse mode (which is near 565 
nm, therefore excitation wavelength of 561 nm) and monitoring the polarization of any 
plasmon-enhanced emission from Cy5.5 past 650 nm (due to long-pass filters used in the 
microscope) would reveal any energy transfer between the transverse and longitudinal 
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modes of the NR. Collectively, these experiments will allow us to better understand 
polarization-dependent coupling in the fluorophore-NP systems and increase tunability 
and control for applications in single-molecule techniques.  
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Figure 4-11. Schematic for experiments monitoring emission as a function of polarization using circular 
excitation. A quarter-wave plate will generate circularly polarized excitation light (640 nm) and a linear 
polarizer in the emission pathway will allow the emission of the coupled fluorophore-ANP system to be 
monitored as a function of polarization. Figure adapted from Beth Haas. 
 
Figure 4-12. Schematic for experiments monitoring emission as a function of polarization using linearly 
exciation. A half-wave plate generates linearly polarized excitation light (640 nm), which can be rotated 
using a computer-controlled motor. Red diagonal arrow after the half-wave plate indicates the rotation of 
the linear polarization of excitation light. A linear polarizer in the emission pathway will allow the emission 
of the coupled fluorophore-ANP system to be monitored as a function of polarization. Figure adapted from 
Beth Haas. 
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Chapter 5 Conclusions and Future Directions 
5.1 Summary 
In this Thesis, we have developed protocols for coupling fluorescent proteins (FPs) to 
plasmonic gold substrates and we have designed in vitro experiments to demonstrate 
enhanced emission, as well as increased photostability, from single FPs coupled to gold 
NRs. Additionally, we have shown that coupling an FP to a single NR leads to a shift in 
the apparent emission position toward the NR center; this is due to re-radiation through 
the NR plasmon mode. We have also shown that plasmon-enhanced emission from single 
FPs can increase the fluorescence signal for in vivo imaging of membrane-bound proteins 
inside live Vibrio cholerae bacteria cells. In these experiments, we resolved a re-radiation 
pattern that is localized near the edges of gold nanotriangles and not shifted to the 
nanoparticle center, like what was observed in experiments done with NRs. Finally, we 
demonstrated that selective polarization-dependent excitation of anisotropic gold NRs 
yields polarization-dependent emission from coupled Cy5.5 dye molecules, providing a 
new avenue of selectivity in single-molecule experiments. Through exploring plasmon-
enhanced FP emission, applying this understanding to in vivo systems, and demonstrating 
increased selectivity for addressing nanostructures on the nanometer scale, we have 
developed a new approach for improving super-resolution microscopy in living cells.  
5.2 Future Directions 
This Thesis presents the first demonstration of plasmon enhancement of fluorescent 
protein emission and investigates this coupling at the single-molecule level, both in vitro 
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and in vivo. These studies are an important step in the expansion of single-molecule 
techniques for bio-imaging applications. However, and there is still much work that can 
be done to expand the foundational work described in this Thesis for widespread 
application in biological studies. 
5.2.1 Expanding our understanding of plasmon-enhanced FP emission 
Because plasmon-enhanced fluorescence is a highly distance-dependent effect, the logical 
first step to expand upon the in vitro work presented in Chapter 2 is to study the distance 
dependence of FP enhancement on the single-molecule level. The distance dependence of 
a single fluorescent dye coupled to a gold nanopshere on an AFM tip was previously 
studied and described in detail by Novotny et al.
1
 They showed that fluorescence 
enhancement in this system reaches a maximum at distance about 5 nm away from a 
nanosphere surface and that distances closer than 5 nm will lead to fluorescence 
quenching due to non-radiative decay through energy transfer to the metal. However, the 
distances for maximum enhancement and quenching are very sensitive to details of the 
specific fluorophore-nanoparticle (NP) system, such as NP shape and size, the 
fluorophore quantum yield, and dipole orientation. FPs are made through cellular 
machinery and have emissive properties that are very sensitive to the environment, and 
the interactions of FPs with plasmonic particles have not been completely characterized. 
Thus, understanding the distance dependence of the specific FP-NR system being studied 
is of vital importance for optimizing fluorescence enhancement. The distance dependence 
of enhancement for FPs coupled to gold NRs is currently being studied on the single-
molecule level by Bing Fu, a graduate student in the Biteen lab, in a project that is 
showing fantastic progress and very interesting results. Building on the initial 
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experiments described here in Chapter 2, Bing is using polyelectrolyte layers, as well as 
sputtered SiO2, to control the separation between the FP and the NR in the axial 
direction.
2
 Similar to our results in Chapter 2, Figure 2-6d, she has measured an 
approximately 2-fold enhancement in the brightness of the mCherry FP at a distance of 0 
nm (no spacer layer), but interestingly, she observes a maximum enhancement of 
approximately 3.4× at a distance of about 6 nm (1 spacer layer). Importantly, Bing’s 
work suggests that the enhancement observed in Chapter 2 is not an upper limit and that 
with optimization of the system, much higher enhancements could be observed.  
The enhancement effect observed in Chapter 2 occurs in the near-field of the nanorod, 
but a molecule directly touching a metallic nanoparticle is expected to be quenched (no 
observable emission) due to nonradiative interactions. Therefore, another avenue that will 
be interesting to study in vitro is the shift of apparent emission position of coupled 
molecules. This shift has been shown experimentally and described theoretically in work 
led by Dr. Esther Wertz,
3
 a postdoc in the Biteen lab, but in the future, it would be very 
interesting to characterize this shift experimentally using coupled dyes. In Chapter 2 
Figure 2-8, we observed that the emission from FPs near an NR appeared to emanate 
from very near the NR center. This contradictory observation suggests that we cannot 
accurately localize the position of an emitting molecule when it is coupled to the nanorod 
based only on a simple model of finding the center of the emission pattern. Therefore, we 
hypothesize that linking red-emitting and blue-emitting dye molecules will allow us to 
determine the actual emitter position. We believe that the red molecule will couple to the 
NR longitudinal mode, and that the red emission will be observed at the NR position, 
while the blue molecule will not couple because the emission will be very far blue-shifted 
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from the NR transverse mode, and thus its emission will be observed at the actual emitter 
location. These experiments will allow us to correct for mis-localizations due to the shift 
in apparent emission position, as well as to determine the true distance dependence of 
enhancement without the need for spacer layers, and these developments are both 
important for applying this technique to bio-imaging experiments.  
An important first step in such a project would be optimizing synthetic routes for 
coupling a red-emitting molecule to a blue-emitting molecule. Initially, we believed that 
Cy5.5 (the red-emitting molecule used in Chapter 4) could be coupled to Rhodamine123 
(a blue-emitting molecule) by using a standard protocol for coupling NHS esters (Cy5.5) 
and amino groups (Rhodamine123) and then purifying the product using high-
performance liquid chromatography.
4
 However, after a few initial attempts to isolate a 
coupled product and further discussion of the planned synthesis with a trained organic 
chemist, we now believe that the amino group of Rhodamine123 is likely not reactive due 
to resonance in the structure, and therefore the planned synthesis will not result in a 
coupled product. Therefore, alternative synthesis protocols might be considered, like 
using peptides or DNA to link dyes together.
5
 Some important considerations for 
determining the best model molecule and appropriate synthetic route are the distance 
between linked molecules, the flexibility of the linker, and the potential of Förster 
Resonance Energy Transfer (FRET) to occur between the dye molecules. The linker must 
be shorter than the measurement localization precision so that the location of the blue 
molecule reveals the true position of the red molecule; the linker must be rigid enough 
that the red-emitting molecule cannot bend toward the blue-emitting molecule and 
interact, such as in FRET; and removing the potential to undergo FRET will reduce any 
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additional energy transfer that could complicate the emission pattern. Once proper 
synthesis and purification protocols are established and a sufficient yield of coupled dye 
pairs is obtained, molecular adsorption (PAINT) experiments similar to those described 
in Chapter 2 but with coupled dye pairs rather than single-color emitters can determine 
the relationship between observed emission position and actual emitter position.  
5.2.2 Enhancing the impact of plasmon-enhanced fluorescence for bio-imaging 
applications 
In Chapter 3, we couple nanostructured gold substrates to V. cholerae cells to improve 
the emissivity of membrane-bound FPs. After exploring many different nanoparticle 
fabrication techniques, including evaporated gold nanoisland films, and drop-cast and 
surface-functionalization techniques for gold NR films, we settled on gold nanotriangles 
made using nanosphere lithography (NSL) with 750-nm-diameter polystyrene spheres. 
This substrate preparation technique resulted in the most uniform and reproducible 
nanoparticle films, and had a predictable background signal that could be completely 
subtracted. A next step in expanding this would be to explore a wider range of plasmonic 
substrates in such experiments. Khatua et al. observed that maximum dye emission 
enhancement is attained when the laser excitation wavelength and the nanoparticle 
plasmon resonance are slightly red-shifted from the emission wavelength of a dye.
6
 
Therefore, it might be interesting to tune the plasmon resonances of the substrates used 
for imaging FPs in V. cholerae cells to longer wavelengths than the FP emission. 
Studying a variety of substrates will reveal which parameters are important for 
optimizing enhancement for in vivo imaging and will therefore result in enhancements 
much higher than those measured in Chapter 3. These samples could be made using 
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electron beam lithography
3
 to produce many substrates with different, carefully defined 
resonances, or this could be done using NSL with polystyrene beads of various sizes to 
make a series of NT substrates with diverse, but less defined and broader resonances.
7
 
Furthermore, NSL is very flexible and can be used to easily tune plasmonic substrates.
7-10
 
By slightly melting the nanospheres using a plasma etcher or even a hot plate, the mask 
through which gold is evaporated can be manipulated, changing the shape of the 
plasmonic particles left behind once the beads are removed and offering another avenue 
for tunability of substrate resonances. Ultimately, NSL might offer the easiest route for a 
systematic study of coupling between FPs and substrates.  
Because plasmon-enhanced bio-imaging is still a new technique, it must be proven useful 
and reliable for widespread use among biologists. Studies that address the needs of the 
bio-imaging community, like increased imaging speeds and robust application for 
studying diffusion in biological systems, will make the technique more attractive for use 
in many lab settings. First, a systematic study of the increased imaging speeds and 
localization precisions and trajectory lengths attained by plasmon-enhanced emission 
would quantify the improvement in imaging capabilities due to coupling to plasmonic 
substrates. Next, a detailed study and description of how coupling—and the 
concommitent shifts in apparent emission position—does (or does not) affect the 
observed and calculated diffusion properties of the proteins being tracked would be an 
important advance to make the technique more appealing for biological studies since 
describing the known perturbations would enable them to be deconvolved from the data. 
In a strategy suggested by David Rowland, because Brownian motion is fractal, the 
nanoparticles on an imaging substrate could act as imaging pixels that accurately reflect 
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the system dynamics, despite a change in scale.
11
 Additionally, three-dimensional single-
molecule imaging based on a cylindrical lens in the emission pathway
12,13
 is a technique 
that is currently being developed for widespread use in the Biteen lab and one which 
would offer an interesting view into the plasmon-coupled cellular environment. 
Combined with the strategies outlined above for understanding and deconvoluting mis-
localizations, three-dimensional images could provide axial information about 
membrane-bound fluorescent labels and offer a more detailed molecule-by-molecule 
understanding of the local environment. Three-dimensional images would also allow us 
to address the issue of mis-localizations in vivo. Finally, the work in Chapter 3 describes 
the observed enhancement for inner membrane proteins in live cells and it would be very 
interesting to label an outer membrane protein and determine is similar, better, or worse 
enhancements could be observed.  
5.2.3 Further increasing nanoscale selectivity based on polarization  
Chapter 4 depicts experiments based on selectively enhancing the emission of dyes 
coupled to gold nanorods (NRs) based on linearly polarized excitation. As discussed at 
the end of Chapter 4, the next steps for this work are to develop and conduct experiments 
that study the polarization of the emission from a fluorophore-NR coupled system. 
Additionally, it would be very informative to put a red-emitting dye in solution above an 
immobilized 3:1 gold NR, and use 514-nm laser light to excited the transverse mode of 
the 3:1 NR. Here, the dye could not directly absorb the 514-nm excitation, and any 
emission from the red-emitting dye would suggest that the laser-excited transverse 
plasmon mode had transferred energy to the longitudinal plasmon mode, consequently 
exciting the latter mode and allowing enhanced emission to occur. Finally, because the 
 114 
 
light detected in the far field from the coupled nanoparticle-dye systems can originate 
from many sources, spectrally resolving the emission from this coupled system would 
give further insight into the transverse-to-longitudinal plasmon mode energy transfer 
mechanism. Along with the polarization information, these spectra may allow us to 
discriminate light emitted directly from a dye molecule, light emitted from the NR, and 
light radiated from the coupled plasmon-mode of the NP-fluorophore system.  
5.3 Conclusions and Outlook 
Plasmon-enhanced emission is a well described and established phenomenon
14-23
 that we 
have been exploring for a new application: single-molecule bio-imaging. It is our hope 
that the work in this thesis will serve as a foundation to build a field that expands the 
scope of plasmon-enhanced emission. We would like this technique to become readily 
available for biologists and biophysicists to use with single-molecule imaging and 
increase what can be learned from in vivo imaging. We have used nanostructured gold 
substrates to increase both the emission and the photostability of FP labels, and we 
believe that these results will be important for answering biophysical questions with 
greater confidence and precision. We further believe that, in the future, by developing the 
appropriate theory to coincide with this new application, plasmon-enhanced emission will 
find widespread acceptance and use within the bio-imaging community. 
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Appendix 
Probing Coherence in Synthetic Cyclic Light-Harvesting Pigments 
 
The work presented in this appendix was published in the following paper: 
J. E. Donehue, O. P. Varnavski, R. Cemborski, M. Iyoda, T. Goodson III, “Probing Coherence in 
Synthetic Cyclic Light Harvesting Pigments,” Journal of the American Chemical Society, 2011, 
133, 4819-4828. 
 
Abstract 
A series of π-extended cyclic thiophene oligomers of 12, 18, 24, and 30 repeat units have 
been studied using methods of ultrafast time-resolved absorption, fluorescence up-
conversion, and three-pulse photon echo.  These measurements were conducted in order 
to examine the structure-function relationships that may affect the coherence between 
chromophores within the organic macrocycles.  Our results indicate an initial delocalized 
state can be seen upon excitation of the cyclic thiophenes.  Anisotropy measurements 
show this delocalized state decays on an ultrafast timescale and is followed by the 
presence of incoherent hopping.  From the use of a phenomenological model, we 
conclude our ultrafast anisotropy decay measurements suggest the system does not reside 
in the Förster regime and coherence within the system must be considered.  Three-pulse 
photon echo peak shift experiments reveal a clear dependence of initial peak shift with 
ring size, indicating a weaker coupling to the bath (and stronger intramolecular 
interactions) as the ring size is increased.  Our results suggest that the initial delocalized 
state increases with ring size to distances (and number of chromophores) comparable to 
the natural light harvesting system. 
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Introduction 
Recent discoveries have indicated that quantum coherence effects may play an 
important role in achieving remarkably high energy conversion efficiency in natural 
photosynthetic organisms.
1-6
  By effectively linking the chromophores together, quantum 
coherence allows the molecules to exploit the energy of the sun with nearly 100% 
efficiency.
2,4,6,7
 What remains unclear, however, is an understanding of how specific 
structural or environmental parameters can contribute to quantum coherence and how 
these parameters could be synthetically manipulated to increase efficiencies in future 
optical and electronic devices.   
 Many oligo- and polythiophene compounds have attracted recent interest for use 
in optical and electronic devices due to their reported fluorescence and conducting 
properties.
8-11
 The properties of shorter oligomers are known to be greatly influenced by 
“end-effects”.10,12,13  Dendritic structures have also been studied to determine their 
potential for use in artificial light-harvesting systems.
14-17
  These structures have the 
advantage of controlled synthesis that results in regular and well-defined architectures, 
and their photophysical processes are strongly affected by their geometrical 
confinement.
17-20
  However, issues related to end effects and very high flexibility are 
known to limit the possibilities of these structures.
21
   Cyclic molecular aggregates, 
however, are well known to play a crucial role in very efficient natural photosynthetic 
systems.
22,23
  Previous studies have shown long conjugation associated with relatively 
rigid and ordered cyclic morphology in synthetic structures leads to strongly enhanced 
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nonlinear optical responses.
24-27
  Recently developed thiophene-based macrocycles offer 
new materials that combine potentially endless π-conjugation paths with structurally 
well-defined oligomers.
28-31
  The outstanding electrical properties of oligothiophene 
systems have already shown success in organic photovoltaic cells.
9,32
 By combining these 
materials with a cyclic topology shown to be efficient in light-harvesting antenna
33
, we 
are able to gain a novel perspective in the development of efficient light conversion 
devices that utilize quantum coherence.   
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 In this contribution, we provide a systematic study of π-extended cyclic thiophene 
oligomers, which include 12, 18, 24, and 30 repeat units (Figure 1).  These are π-
conjugated systems with nanometer-sized cavities.
24,28,29
  The ring diameters vary from 
~21Ǻ to ~60Ǻ.24,28,29  These materials experience no “end-effects” and are expected to be 
more rigid as compared to linear oligomers.  To better understand the role of synthetic 
parameters, like ring size,  in electronic coherences, we have preformed a detailed 
investigation of the structure of optical excitation in the artificial ring systems using 
ultrafast polarization- and time-resolved absorption, fluorescence, and three-pulse photon 
echo.  The electronic delocalization length is an important measure of the balance 
Figure 1. Structures  of giant thiophene macrocycles. 
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between the electronic intrachain coupling and the bath coupling (two fundamental 
interaction mechanisms which determine the efficiency of energy transfer in a light-
harvesting system)
1-7,22,23,34-36
 in a given oligomeric system
36,37
, and therefore is a main 
focus in this work.  Higher delocalization lengths indicate more sites are contributing to 
quantum coherence effects in the energy transfer process.  States delocalized over a larger 
number of repeat units can possess larger transition moments, which facilitate greater 
absorption in a light-harvesting system and high energy transfer rates (hopping) between 
spectroscopic units.  This can lead to a larger excitation migration distance, a parameter 
critical for efficient photovoltaics.  With synthetic control of the ring size in the artificial 
structures, we will gain insight into the electronic delocalization length, as well as the 
role of planarity and the optimal number of building blocks in a ring, to maximize the 
optical response at lower cost.  A more detailed understanding of these parameters is 
central to gaining deeper insight into quantum coherence-assisted energy transfer and 
how it can be incorporated into the design of artificial light-harvesting materials to direct 
energy flow with high efficiency. 
 Importantly, we have found the initial peak shift to increase as the size of the 
cyclic oligomer increases.  As the initial peak shift reflects the inverse effective electronic 
transition-bath interaction
38-40
, the peak shift rise indicates a decrease of the effective 
coupling of the electronic transition to the bath for larger rings.  We assign this trend to 
the larger size of the electronic excitation coherent domain in larger rings.  The 
delocalized excitation results in the eigenstate averaging over the fluctuations in local 
inhomogeneities of the sites
36,38-43
 leading to the increased initial peak shift. Combined 
 121 
 
with all ultrafast methods used in this study, these results indicate an initial delocalized 
state upon excitation of the cyclic oligomers. 
Experimental Section 
Synthesis and Structural Characterization:  In this work, we have investigated π-
extended cyclic thiophene oligomers of 12, 18, 24, and 30 repeat units (Figure 1, 1-4).  
These materials were first synthesized by Iyoda and co-workers. 
28,29
  The synthesis of 1-
4 was carried out by a McMurry coupling reaction with low-valent titanium.
24
  All 
macrocycles presented possess key stability and oxidative characteristics
24
 necessary for 
use in molecular electronics.  They have fairly low oxidation potentials (E
1
1/2=0.31-0.33 
V; E
2
1/2=0.50-0.52 V vs Fc/Fc
+
).
24
  All macrocycles are stable in crystalline form in air at 
room temperature.  The X-ray structure has been measured for a single crystal of 1 
obtained from chloroform-hexane solution.
24
 
Steady State Measurements: Unless stated otherwise, all the experiments were 
performed in THF at ambient temperature. The absorption spectra of the molecules were 
recorded using an Agilent (Model # 8341) spectrophotometer. The emission spectra were 
acquired using a Shimadzu RF-1501 instrument. The quantum yields of the molecules 
were measured using a known procedure.
44
 Coumarin 307 was used as the standard. The 
absorbance was limited to less than or equal to 0.03. 
Transient Absorption Measurements: Time-resolved degenerate transient absorption 
studies have been carried out utilizing a cavity dumped Ti:sapphire laser system, which is 
spectrally centered at 830 nm with a repetition rate of 38 kHz and a pulse width of ~20 
fs.
45,46
  The fundamental beam was passed through a nonlinear BBO crystal generating 
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the second harmonic which was used as the excitation beam. This system possessed good 
noise characteristics, allowing the sensitivity for relative transient absorption in the 10
-7
 
range at very low pump pulse energy <0.5 nJ/pulse. A probe beam of the same 
wavelength was passed through an optical delay line and a lens before being overlapped 
with the pump beam in the sample cell and detected by a photodiode. The modulated 
probe signal was measured with the use of a lock-in amplifier synchronized to an optical 
chopper in the pump beam path and was recorded as a function of delay line on a PC. 
Fitting the Gaussian peak of the instrument response function (IRF) gave a σ value of 
~33fs (FWHM ~ 82 fs).
45,47
 Polarization of the probe beam was controlled with a Berek 
compensator. For polarization measurements the setup was calibrated with the linear 
molecule β-Carotene. 
Femtosecond Time-resolved Fluorescence Upconversion:  Time-resolved polarized 
fluorescence of the thiophene macrocycles was studied using the femtosecond 
upconversion spectroscopy technique.
48
 The upconversion system used in our 
experiments has been previously described.
26,45
  Specifically, our upconversion system 
used frequency-doubled light from a mode-locked Ti-sapphire laser that produced pulses 
of 100 fs at a wavelength of 385-430 nm.  Polarization of the excitation beam for the 
anisotropy measurements was controlled using a Berek compensator and the rotating 
sample cell was 1 mm thick.  Horizontally polarized fluorescence emitted from the 
sample was up-converted in a nonlinear crystal of β-barium borate using a pump beam at 
about 800 nm which was first passed through a variable delay line. The instrument 
response function (IRF) was measured using Raman scattering from water. Fitting the 
Gaussian peak from the Raman scattering yields a σ value of a Gaussian IRF of ~106 fs, 
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giving a full width half maximum of ~243 fs.  Spectral resolution was achieved by using 
a monochromator and photomultiplier tube.  The excitation average power varied near 1 
mW, corresponding to a pulse energy around a few tens of pJ per pulse. 
Three-Pulse Photon Echo Measurements: Three-pulse photon echo experiments were 
carried out using a cavity-dumped Kerr lens mode-locked Ti-sapphire laser pumped by a 
frequency doubled YVO laser (Millennia, Spectra Physics).
45
 The cavity-dumped laser 
pulse had a duration of ~20 fs. The pulse spectrum was centered at ~830nm. The cavity 
dumped beam was focused onto a 0.5mm BBO crystal to convert the fundamental beam 
into the second harmonic at ~415nm. Unless mentioned otherwise, the pulse repetition 
rate after cavity dumper was fixed at 38 kHz.   In our setup, three beams of equal 
intensities (~0.5nJ per pulse in one beam at the sample) were generated with the aid of 
thin beam splitters (1mm-thick quartz substrate, CDP). One pulse (k1) traveled a fixed 
delay, whereas the other two pulses (k2 and k3) traveled variable delays formed with 
retro-reflectors mounted on DC-motor driven delay stages (Newport ILS100CCHA) 
controlled via a Newport ESP7000 motion controller. The three beams were aligned after 
the delay stages to form an equilateral triangle beam geometry (8mm sides) and were 
focused into the 440μm-quartz sample cell using a thin singlet lens (f=18cm). The two 
third-order nonlinear signals in the k1-k2+k3 and -k1+k2+k3 phase matching directions 
were spatially filtered using irises and measured simultaneously onto two 
photomultipliers (Hamamatsu Photo Sensor Modules H6780). The electrical signals were 
measured by two lock-in amplifiers (Stanford Research, SR830) that were referenced to a 
chopper (SR540) inserted in the k1-beam. Reproducibility of the signal was confirmed by 
repeated measurements, with special attention paid to the residual peak shift value at long 
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population periods T. The uncertainties of the peak shift value were estimated to be 
approximately ±0.5fs over the entire population period up to 100ps. The absorption 
spectra of the samples were checked before and after data collection, and lack of any 
observable changes suggests that little or no sample photodegradation or undesired 
chemical reactions occurred during the measurement.  For our three-pulse photon echo 
peak shift (3PEPS) experiment, we simultaneously recorded two echo signals at the 
phase-matching conditions k1-k2+k3 and -k1+k2+k3.  The time period τ between pulses 1 
and 2 was scanned from negative τ to positive τ for a fixed population period T.  The 
peak shift was defined at half the distance between the maximum intensity peaks of the 
two echo signals.  The peak shift was recorded as a function of population period to give 
a peak shift decay.  This measure is useful in that it closely follows the frequency 
fluctuation correlation function of the transition.
38-40
    
Results and Discussion 
Linear Spectroscopy: The normalized steady state absorption and emission spectra of 
the structures are shown in Figure 2. Steady state measurements were performed in dilute 
THF solutions (ca. 10
-6
M). The position of the main peak in absorption shows a 
bathochromic shift with increasing size of the macrocycle. While the fluorescence spectra 
of the 12mer appears to have some small red shift with respect to the other ring systems, 
the fluorescence spectra of the 18mer, 24mer, and 30mer do not demonstrate any 
systematic shift.  This small red shift in the 12mer  fluorescence, as well as a blue shift in 
its absorption spectrum as compared to other rings, can be associated with the specific 
“ring flip” of the thiophenes adjacent to flexible double bonds.  This is known to relieve 
strain in the 12mer.
24
 The strain is less for larger spatial arrangements
28,49
, which leads to 
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more regular structures.
24,28
  This blue shift in the 12mer absorption could also be due to 
symmetry reasons and relatively large distances between excitonic states.
66
  Clear 
vibronic structure can be observed in the fluorescence spectra (~1300cm
-1
) and is similar 
to that reported for various sized linear oligo(thienylene-ethylene)s.
50,51
  However, no 
vibronic structure is seen in the absorption spectra. This absence of mirror symmetry 
between absorption and emission spectra may indicate different absorption (Frank-
Condon) and fluorescence (relaxed) configurations.
52,53
 The similarity in fluorescence 
spectra for the rings of different sizes (18mer-30mer), as well as nearly the same 
fluorescence quantum yield (~10%) for all sizes, can be due to the localized character of 
the fluorescent (relaxed) state in these systems.  
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Interestingly, the fluorescence peak for the macrocycles (560nm) is shifted to the 
red with respect to that for linear oligo(thienylene-ethynylene)s (512nm,
50
 513nm
28
). This 
red shift may indicate longer conjugation length in the rings as compared to the linear 
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Figure 2. Normalized absorption (a) and fluorescence (b) spectra of the macrocycles 
12mer-30mer. 
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building block.
50
  It is also worth noting that the Stokes shifts for the 18mer (3285cm
-1
), 
24mer (3032cm
-1
), and 30mer (2944cm
-1
) are substantially smaller than those for the 
linear oligo(thienylene-ethynylene)s (3565cm
-1
 for 5αTE50, 3617cm-1for 9αTE3950, and 
3602cm
-1
 for oligo(2,5–thienylene-ethynylene) 28).  The corresponding smaller 
reorganization energies for the macrocycles, as compared to linear counterparts, could be 
an indication of less structural change for the macrocycles due to the absence of open 
ends and more rigid structure. 
Ultra-fast Transient Absorption:  We have investigated the polarized degenerate 
transient absorption dynamics at 415nm as a function of macrocycle size.  In figure 3, 
multi-exponential anisotropy decays can be seen for both the 12mer and the 30mer. We 
have preformed a best fit of the data with multi-exponential decays after assuming the 
convolution of the IRF with the parallel and perpendicular absorption intensity profiles 
(see Supporting Information).  The 12mer macrocycle was best modeled by a bi-
exponential decay with an ultra-fast component and a long-lived residual component.  
The 18mer, 24mer, and 30mer macrocycles were best modeled by three exponential 
decays, which included an ultra-fast component, an additional picosecond component not 
seen in the 12mer decay, and a long-lived residual value.   
The ultrafast decay component in each macrocycle was found to be in the range 
between 40 fs and 50fs.  This ultrafast depolarization can be associated with strong 
interchromophore interaction and formation of a delocalized state (spectroscopic unit) 
over a substantial portion of the macrocycle.
17,25,34,45,46
   The second decay component 
found in the larger (18mer, 24mer, and 30mer) macrocycles was near ~1ps. The 
appearance of an additional picosecond component in the anisotropy decay profile for the 
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larger rings indicates a hopping between spectroscopic units that are smaller than the full 
size of the ring.
23,45
  In the case of the 12mer, the size of the spectroscopic unit is 
comparable to the size of the ring, thus making hopping not possible.  This observation, 
as well as the ultrafast decay of the 12mer anisotropy to a residual value of ~0.1, supports 
the idea of a strong coupling regime with the excitation delocalized over the entire ring in 
the absorption configuration.
25,26
   
 The longest decay component was >100ps and contributed a near flat residual 
value on a short time scale (Figure 3).  Considering the size of the macrocycles and the 
viscosity of THF (~0.46cP at 25
◦
), this component can be associated with the rotational 
diffusion of the system.  It is also important to note that the residual anisotropy before 
rotational diffusion occurs is 0.1 for both the 12mer and 30mer macrocycles (Figure 3).   
This is an indication of a planar arrangement of the transition moments in both 
molecules.
54
  Though the 12mer displays a slightly bent chair-like structure in a single 
crystal
24
, this can simply be the result of the packing force in the crystalline sample, 
which could not be present in solution.  While in solution, however, the structure remains 
planar in terms of its transition dipoles’ arrangement.   
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Long-lived 
component
 
 
In order to analyze the nature of optical excitations and the electronic coupling 
within the macrocycles, we utilized a simple phenomenological model developed by J. 
Leegwater for multichromophoric ring systems.
34
  In this model, the discussion of the 
coherence of excitations is led by using an expression in which the limiting cases of 
Förster transfer (weak interaction) and completely delocalized excitonic states (strong 
interaction) are continuously connected to one another.  The analysis uses the high 
temperature approximation for the extremely small phonon correlation time.
34
  This 
model has been developed for the optical excitations in aggregates of chromophores 
where electron-hole pairs after excitation are localized on individual chromophores 
(Frenkel excitons).  The thiophene macrocyclic systems investigated in this work have a 
substantial degree of conjugation that suggests strong electronic correlations over the 
oligomer. Though Leegwater’s model is a simplified model for the thiophene 
macrocycles, it uses the exciton approach which is known to describe some basic features 
of the electronic structure of conjugated oligomers and polymers (such as energy 
Figure 3. Degenerate time-resolved transient absorption anisotropy for thiophene 
macrocycles 12mer and 30mer. 
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dependence) quite well.
55,56
  For this reason, using Leegwater’s model allows for a crude 
initial estimation of the intra-cycle coupling strength (transfer integral) and the excitation 
energy migration regime.
17
  An interesting conclusion of this simple approach is that it is 
possible to relate the depolarization time to the ratio J/Γ of the interaction strength (J) and 
the homogeneous linewidth (Γ).34  For the case of N- fold symmetry (planar) they are 
related by
34
, 
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Here N is the number of chromophores contributing to the energy migration process.  We 
have calculated the profile of Eq. 1 against realistic values of the homogeneous linewidth 
for the case of the 12mer (N=12) macrocycle. Shown in Figure 4 are the calculated 
curves for Eq. 1 vs. the interaction strength J.  As we mention above, a depolarization 
time of approximately 40 fs was found. To estimate the interaction strength J and energy 
transfer regime, we need to know the homogeneous linewidth Γ.  Using the full linewidth 
instead of the homogeneous linewidth would be an overestimation of Γ, so we tried 
several values to find the approximate value.  A set of curves describing Eq. 1 for 
different values of homogeneous broadening Γ, taken to be similar to the full low-energy 
absorption peak linewidth, is shown in Figure 4. Several important inferences can be 
drawn from Figure 4 without exact knowledge of Γ. First, it is clearly seen that within the 
frame of this model it is impossible to have an anisotropy decay time of 40 fs and reside 
in the Förster regime (small interaction) for any homogeneous broadening smaller than 
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the full linewidth.  This supports the idea that coherence must be taken into account. 
Extrapolation of the  Γ=2000-3000 cm-1 curves to estimate the interaction strength results 
in a magnitude of J close to 1400 cm
-1
 (Fig. 4).  This estimated intra-cycle electronic 
coupling strength is much higher than that for interchromophore coupling for the natural 
photosynthetic ring LH2 (~300cm
-1
)
35,57
, which is not surprising taking into account π-
conjugation in the 12mer. 
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Figure 4.  Theoretical dependence47of the anisotropy decay time τr on the inter-chromophore interaction 
J for a macrocyclic 12-chromophore molecular system.  The arrow shows the depolarization time 
obtained from experiment for the 12mer. 
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Ultra-fast Time-resolved Fluorescence:  An isotropic (magic angle) fluorescence decay 
profile for the 30mer at a detection wavelength of 570nm is shown in Figure 5.  The bi-
exponential decay fit shows a long decay component near 361±50ps.  This is very close 
to the fluorescence decay times obtained for linear oligo(thienylene-ethynlene)s (300-
330ps).
50
  Similar to other oligo- and polythiophene systems, the fluorescence lifetime of 
the macrocycle is determined by the fluorescence quenching due to the intersystem 
crossing process.
11,26,50,58,59
  Additionally, from our fluorescence decay measurements, the 
short decay component was found to be dependent on detection wavelength.  For 
example, at 550nm, we saw an initial decay component of ~8ps, while at 570nm the 
initial component is closer to 14ps (not shown).  This behavior is typically associated 
with the dynamic Stokes shift.  This can be caused by excitation energy migration along 
the chain, torsional relaxtion
11,26,60-62
, or solvation effects
63
.  However, the transient 
absorption anisotropy measurement for the 12mer, as described above, indicates 
negligible energy migration along the thiophene ring chain on the picosecond time scale 
(Figure 3).  Also, the hopping component for the 30mer has a time scale of ~1ps, which is 
substantially smaller than the short decay component of the fluorescence decay (Figure 
3).  It has also been shown that solvation effects are only a minor contributor to the 
dynamics of large conjugated oligomers and polymers.
52
  For these reasons, we can 
conclude that the fast component in the isotropic decay (Figure 4) is most likely 
associated with a torsional relaxation in the excited state.
60-62
  This process is caused by 
the difference in the torsional potential energy profile between the ground and excited 
states.
62,64
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Time-resolved fluorescence anisotropy measurements for the four macrocycles 
were also preformed.  Figure 6 shows a comparison of the 12mer and 30mer anisotropy 
decay.  Fast initial anisotropy decay within the instrument response profile, followed by a 
residual, relatively long lived anisotropy, can be seen.  This is qualitatively similar to 
what is observed in the transient absorption signal (Figure 3).  However, in the case of 
fluorescence, most of the initial anisotropy at time zero that is seen in the transient 
absorption profile is lost in the higher lying states before relaxation to the fluorescent 
state.  The residual anisotropy value, prior to rotational diffusion, for fluorescence 
(~0.05) is lower than that for absorption (~0.1).  This difference likely arises due to the 
final arrangement of transition dipoles, which can be different for a relaxed fluorescence 
state as compared to a Franck-Condon absorption configuration.  The transient absorption 
Figure 5. Fluorescence decay profiles for 12mer and 30mer. Excitation wavelength is 
400nm. Detection wavelengths are 570nm. Best fit to two-exponential decay function is 
shown by solid red line. 
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anisotropy measurement probes the excitation while it is delocalized across a large 
portion of the ring.  In this delocalized configuration, the transition dipoles are arranged 
within the plane of the molecule, and the resulting long time anisotropy value is 0.1.  In 
the time-resolved fluorescence anisotropy measurements, the lower value of 0.05 can be a 
signature of either an incline in the angle of the transition moment of the localized 
fluorescent state from the molecular plane
17,65
 or a distortion of the molecule’s shape in 
the relaxed fluorescent excited state from a planar configuration. 
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When discussing the fluorescence of these materials, it is worth noting that the 
fluorescence decay time in linear oligomers is very close to that for the rings
50
, while the 
fluorescence quantum yield for the rings was found to be almost three times smaller 
(~10% in the rings, while ~30% in the linear structures).
24,28,50
  This suggests a smaller 
radiative decay rate for the rings as compared to their linear counterparts.  In circular 
aggregates, the superradiance factor (the radiative rate enhancement factor with respect to 
Figure 6. Time-resolved fluorescence anisotropy for 12mer and 30mer. Instrument 
response function (IRF) is also shown by dash-dot line. 
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that for the monomer) behaves differently as a function of size and disorder than in linear 
oligomers due to specific cyclic geometry.
37,66
  The lowest transition is forbidden by 
symmetry considerations in ideal cyclic aggregates.
37,66
  This specifically leads to the 
reduction of the radiative decay rate in circular aggregates as compared to linear 
oligomers.
37
 
 As was mentioned above, the fast component of the isotropic decay is likely due 
to a torsional relaxation in the excited state that results from a difference in the torsional 
potential energy profile between the ground and excited states.   For linear oligo- and 
polythiophenes, a thiophene rotational potential energy profile in the excited state is steep 
having its minimum at an interthiophene angle of 0
◦
, while it is relatively shallow in the 
ground state with minima at ~30
◦
 and ~150
◦
 corresponding to syn (s-cisoid) and anti(s-
transoid) configurations, respectively.
60-62
  This leads to a planarization of the structure 
after optical excitation, which produces the dynamic Stokes shift.
60
  This situation looks 
more complex in oligo(thienylene – ethynylene)s. Calculations and X-ray analysis 
showed that linear oligo(thienylene – ethynylene)s are near planar and mostly  in anti 
configuration in the ground state.
50
 In cyclic oligothiophene structures, geometrical and 
strain considerations predicted mostly syn configurations for smaller rings and anti 
configurations for larger (>14 thiophenes) rings.
49
 In oligo(thienylene – ethynylene) 
cyclic systems containing 10 thiophenes,  the X-ray analysis showed that all sulfur atoms 
in the thiophene rings were directed towards the cycle’s center (syn – configuration).28  
For the 12mer, similar analysis revealed that two thiophene rings from the total 12 are in 
s-transoid form with the sulfur atom directed outside the macrocycle.
24
 Both experiments 
indicated a near planar (not twisted) thiophene ring arrangement in the ground state for 
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the macrocycles. For the larger rings, the molecular structure has not been yet determined 
by X-ray analysis.  All of the larger rings have HOMO-LUMO gaps (from the absorption 
maxima, Fig. 2) quite similar to each other, but smaller than that of the 12mer. This can 
indicate a different conformational (torsional) arrangement for the larger macrocycles 
(18mer, 24mer and 30mer) as compared to the 12mer. Calculations have shown that the 
difference in the HOMO-LUMO energy gap between syn and anti arrangements for large 
macrocyclic cyclo[n]thiophenes (n>20) is relatively small; however, in terms of total 
strain energy, the anti configuration is more stable.
49
 For large macrocyclic 
cyclo[n]thiophenes, the planarization of the thiophene rings system in the LUMO state 
for the anti configuration, similar to that for linear oligothiophenes, has also been 
predicted.
49
  Rotational barriers and energy difference between the s-transoid and s-cisoid 
conformers are relatively small
12,49
 and a mixed s-transoid and s-cisoid structure can be 
suggested for larger macrocycles. Moreover, taking into account low rotation barriers, 
torsional relaxation between conformers can occur after the excitation and contribute to 
the dynamic Stokes shift. 
Three-Pulse Photon Echo Peak Shift:  A comparison of the normalized 3PEPS decays 
of the macrocycles of different sizes is shown in Figure 7.  Results of the direct fit of 
these raw data sets, along with a sum of exponentials, were used as initial parameters in 
determining our model for the transition frequency correlation function M(t) given below.  
From Figure 7, it can be seen that the 3PEPS profile decays demonstrate clear ring size 
dependence. 
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In order to better understand the dynamics of optical excitations, in regard to the 
nature of interaction between individual chromophores and between chromophores and 
solvent, we have preformed three-pulse photon echo peak shift (3PEPS) experiments
39,40
 
using an excitation wavelength of 415nm.  It should be noted that using an excitation 
wavelength that lies on the blue side of the molecules maximum absorption will have an 
excess of excitation energy that can have effects on the peak shift.
67
  Additional 
vibrational modes can be excited and increase the number of dynamic processes 
occurring, resulting in smaller initial peak shift and reduced time constants.
68
  However, 
because the absorption maxima of our systems are all quite similar (excluding the 
12mer), by exciting each system at 415nm, we are providing approximately the same 
Figure 7.  Comparison of direct fits of 3PEPS decay for thiophene macrocycles. 
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amount of excess energy for each system. Because our study is comparative in nature, we 
believe this excess of energy is not detrimental to our experiment or the context of our 
observed trends.   
The 3PEPS method is capable of providing time scales and coupling strengths of 
dephasing processes that are coupled to electronic transitions by providing a line shape 
function and separating the static contribution to the line broadening.
39,40
  A 
representative integrated three-pulse photon echo signal for the 30mer at T=0fs is shown 
in Figure 8.  The 3PEPSs as functions of population period T for the 12mer and the 
30mer are shown in Figure 9a and 9b, respectively (data points).  Numerical modeling of 
the echo peak shift was also performed using a direct fit of the raw peak shift data as 
initial parameters.  We started from a model for the transition frequency correlation 
function M(t) for a two level chromophore coupled to the environment and to its own 
fluctuating nuclei:  
 
 
where δ(t) is the fluctuating part of the electronic transition frequency for each 
chromophore relative to its central frequency <>.  Beyond the pulse overlap time 
interval,  an initial guess of the energy gap correlation function M(t) can be obtained that 
closely follows the experimental 3PEPS-profile.
38-40
 The quantity M(t) is important 
because it can be used for the description of the memory of the electronic transition 
frequency and system dynamics when the characteristic frequencies of the transition 
frequency fluctuations are small compared to kT.
43
 This high-temperature approach can 
be applied to describe the coupling of the electronic transition to many intermolecular 
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(solvation) modes at room temperature. The main spectroscopic signals can be most 
conveniently derived from the complex line shape function g(t):
43
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              (2) 
In Eq. (2) P(t) and Q(t) are the real and imaginary parts of g(t), <Δω2> is the coupling 
strength (fluctuation amplitude), and λ is the reorganization energy.  The absorption 
spectrum of the system can be calculated by taking the real part of the Fourier transform 
of exp[-g(t)], while the third-order photon echo signal in the impulsive limit can be 
expressed by
38-40,45,46
: 
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where σin  represents the width of the static inhomogeneous distribution. 
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Figure 8. Three-pulse photon echo signal for 30mer at zero population period T=0. 
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Using the model described above, the peak shift values (position of the maximum, 
τp) were calculated from the photon echo signal SPE(τ,T) for the 12mer and 30mer as a 
function of population period T and are shown in Figure 9 (solid lines).  Most of the 
modeling was performed using the impulsive limit, but the effect of the finite pulse width 
was considered and estimated by convoluting the pulse electric field envelope (which was 
taken to be of Gaussian shape with σ=35fs) with the proper time ordered38-40 response 
functions (for positive τ, the rephasing response functions contribute, while for negative 
τ, the nonrephasing response functions contribute) at several population periods (T-
points).  These response functions were then used to determine the third-order 
polarization, which was used to calculate the time-integrated photon echo signal with a 
finite pulse width.
39
 These convoluted values where then compared to the 3PEPS values 
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Figure 9.  Three-pulse photon echo peak shift profiles for 12mer and 30mer. 
Numerical modeling results are also shown (solid lines). 
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obtained in the impulsive limit and the ratio 3PEPSconv/3PEPSimpuls was found.  This ratio 
was determined to be weakly dependent on the population period T and we corrected the 
impulsive limit results by this factor.
38,45,46,68
 Using too many parameters in the model 
correlation function can result in different contributions cancelling one another out.  To 
minimize such issues, we have attempted to limit the various contributions to M(t) to 
three exponentials and one constant (static disorder): 
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 In some cases, a Brownian oscillator was added to the model.  In effect, the 
Brownian oscillator contribution qualitatively represents a sum of several intramolecular 
vibrational modes that are not exactly known for these macrocycles.
69
 From Figure 9, it is 
clear there is good agreement between the experimental data points and the modeled fit.  
The time constants and coupling strengths of the model M(t) are shown in the Table 1 
below: 
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Table 1 
Macrocycle Δω1, 
cm
-1
 
τ1, fs Δω2, 
cm
-1
 
τ2, fs Δω3, 
cm
-1
 
τ3, fs σinh, cm
-
1 
12mer 503 4 476 130 0 - 291 
30mer 450 4.8 370 140 212 800 238 
 
Once a set of parameters was obtained that reproduced a satisfactory peak shift, 
the absorption spectrum was calculated for the 30mer and compared with the 
experimental spectrum.  It can be seen in Figure 10 that the calculated absorption 
spectrum is noticeably narrower than the full experimental absorption spectrum.  In order 
to better understand the structure of the experimental absorption spectrum, we performed 
a simple decomposition of the spectra using three Gaussian components.  By comparing 
the absorption spectrum calculated from the correlation function obtained from the 
3PEPS experiments, we see some similarity in the calculated spectrum and the first 
Gaussian component, though a vibronic progression is not clearly seen.   
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 Figure 10.  Comparison of experimental and calculated absorption spectrum for the 30mer. 
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Previous work
39,40
 has shown that residual 3PEPS at very large population periods 
results from static inhomogeneous broadening.  From Figure 9, it can be seen the residual 
3PEPS is very small for all investigated macrocycles.  This indicates minor 
inhomogeneous broadening (conformational diversity) for all studied systems.
38,39
  It is 
also known that the initial peak shift reflects the inverse effective electronic transition-
bath interaction.
38-40
  Our results clearly show an increase in initial peak shift as ring size 
is increased (Figure 11).  This rise in peak shift indicates a decrease of the effective 
electron-bath coupling for larger rings.  This is a counterintuitive trend as complexity of 
the system is rising with increased ring size, leading one to expect increased disorder and 
increased coupling pathways to the bath.  We propose this weaker coupling is the result 
of exchange narrowing effects which are caused by the eigenstate averaging over the 
fluctuations and local inhomogeneities of the sites by delocalized excitation.
36,41-43
  
Exchange narrowing occurs and the fluctuations of the system average out such that 
interaction with the bath decreases with an increase in ring size.
36,45,46
  Also, the 3PEPS 
decays very quickly as a function of population period.  The decay profile shows only 
minor contribution from the sub-picosecond and picosecond components.  From this, it is 
clear that most of the dephasing in these large macrocycles can be associated with 
intramolecular processes rather than solvation, similar to what was reported for 
polymers
52
, dendrimers
45
, and J-aggregates
69
. 
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After considering what has been learned from the transient absorption and 
fluorescence upconversion experiments, we can use our 3PEPS experimental results and 
numerical modeling to gain a detailed perspective of the excited state dynamics occurring 
in the thiophene macrocycles.  Three distinct time constants were seen in the numerical 
modeling of the 3PEPS signal.  Though these time constants do not align exactly with 
those provided by our transient absorption and fluorescence upconversion experiments, 
we believe the first two exponential time components of our numerical model may be 
revealing some combination of high-frequency vibrational modes and self-trapping of 
excitation along the macrocycle.  Previous results have shown self-trapping to occur in 
<45fs
52,70,71
.  In our numerical model, we cannot clearly distinguish between the two 
processes, but it is likely the faster time constant is representative of a self-trapping 
Figure 11.  Three-pulse photon echo initial peak shift as a function of the ring size. 
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process.  The 3PEPS numerical modeling also indicated the presence of a picosecond 
component in the correlation function for the larger macrocycles (18mer, 24mer, and 
30mer), which is absent for the smaller 12mer macrocycle. This correlates well with the 
ultrafast fluorescence anisotropy data.  These findings support the suggestion of an 
initially delocalized excitation over a major fraction of the ring, followed by incoherent 
hopping taking place on a picosecond time scale.   
Comparison to natural light-harvesting system:  When considering their potential for 
application in the future, it is beneficial to compare these systems with natural light-
harvesting antenna, like LH2 of purple photosynthetic bacteria.  In comparison to the 
natural system, our synthetic system has dramatically increased interaction strength 
between chromophores.  As a result, our synthetic system demonstrates enhancement of 
several optical properties over the natural system.  The excitation transfer time of our 
synthetic system is 40fs, as compared to 700fs
72
 in the natural system.  The TPA cross 
section of our synthetic system is two orders of magnitude higher than that of the natural 
system.
24,73
  The excitation delocalization length for our synthetic system is 18 units, 
which is dramatically larger than that of the natural system.
37
 Though these materials are 
still quite far from mimicking the high efficiency of a natural system, their optical 
properties, as seen in Table 2, clearly demonstrate they are a material of interest for 
future work: 
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*From depolarization measurements 
Conclusion 
In this work, we have presented a detailed study of the excited state structure and 
dynamics in a series of large oligo(thienylene-ethynylene) macrocycles.  We have 
brought toether a variety of recent synthetic and spectroscopic techniques, combined with 
theoretical modeling, to closely describe the delocalized excitations in a series of 
macrocyclic thiophene systems.  The three-pulse photon echo peak shift experiments 
showed a clear dependence of the initial peak shift on ring size.  The rise of the peak shift 
with the ring size suggests the tendency to decrease effective electron-bath coupling for 
larger delocalization lengths in large macrocycles.  From depolarization experiments, we 
see a planar arrangement of the transition dipoles (in the absorption configuration) even 
in large rings.  We also show from photon echo experiments that there is low 
inhomogeneous broadening for all systems.  Combined, these results indicate relatively 
ordered structures.  Collectively, our experimental results indicate a delocalized state can 
Table 2 
   Light-Harvesting Pigments 
 
LH2 of purple photosynthetic 
bacteria Synthetic  30mer 
Transfer Time* 700fs
72
 40fs 
Initial Peak Shift 24fs
72
 12fs 
Interaction Strength 320 cm
-1
 (intra), 255 cm
-1
 (inter)35 1500 cm
-1
  
TPA Cross Section 1,116 GM (calculated)
73
 107,800 GM24 
Linewidth  ~450 cm-1
72
 ~2000 cm
-1
  
Excited State Lifetime 1ns
74
 ~300ps 
Delocalization Length 5-13 units
37
 18 units 
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be seen upon excitation of the cyclic thiophene rings, which we estimate has a length of 
about 18 (theienylene-ethynylene) units for the thiophene system.  This conclusion is in 
accord with a strong cooperative enhancement of two-photon absorption cross-section in 
the 18mer reported previously.
24
  Also, by comparing the optical properties of our 
synthetic pigment to a natural light-harvesting system, we have demonstrated the utility 
of these materials for future applications.  It is our hope the results offered here will lend 
themselves to the future development of the next generation of solar conversion devices. 
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